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Preface

[,

This thesis was stimulated by research in Tactical Target
Identification performed by the United States Air Force Systems
Command's Rome Air Development Center (RADC/OCTM), Griffiss AFB, New
York. Engineers there are investigating the possibility of iden-
tifying aircraft from two dimensional cross range versus slant range
image plots of the discrete electromagnetic scatterers on the air-
craft. To identify the aircraft, it i. thought of as a collection of
simple geometrical objects whose image plots are known at different
aspect angles. For a known aircraft, the image plots of the indivi-
dual geometrical objects are "pieced" together at their individual
aspect angles with their spatial position observed, with respect to
some reference point on the aircraft. Thus, what is produced is a
composite image plot of the discrete point scatterers on the aircraft.

The assumption made above is that secondary multiple scattering is

negligible compared to primary scattering.

N

The goals of this thesis are to obtain a practical method of

obtaining the backscattered signal for any known incident signal for
the perfectly-conducting sphere and perfectly-conducting, infinifely-
i thin circular disk and also to investigate the sensitivity of the

backscattered signal to changing aspect angle.

I ackowledge with thanks the advice and encouragement received

from my thesis advisor, August Goiden, Jr., Capt., USAF and to my
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thesis readers, Joseph W. Carl, Maj., USAF, and Professor Raymond
Potter at the Air Force Institute of Technology. Also, my thanks and
appreciation go to my sponsor, Mr. Richard Wood of the Surveillance
Division, Rome Air Development Center and to Drs. D. L. Moffat and
D. B. Hodge of the Ohio State University. Dr. Hodge's computer
simulation for the scattering from the circular disk was extremely
helpful. Also, Capt. Golden's many helpful suggestions were inva-
luable to the completion of this research.

Finally, I would like to thank my wife, Kathy, whose patience
and understanding were of immeasurable value throughout my AFIT

program.

FRANK DIBARTOLOMEO, JR.
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5 The problem of ideﬁtifying the perfectly conducting sphere i
: and perfectly-conducting, infinitely-thin circular disk via the

‘ backscattered far field from the object with a known incident signal 4
is examined. A method utilizing Synthetic Aperture -adar principles )
to obtain slant range versus cross range image plots of the discrete
point scatterers on an object is discussed. A computer program to
calculate the far field backscattering from the sphere is developed.
Another computer program, found in the literature, which calculates 3
the far field backscattering from the infinitely-thin, circular disk,
is extended for kas>l5. In the above programs, the backscattering is
obtained as a function of frequency and treated as the frequency
response of a linear system. The input to this system is five cycles

of 10GHz R-F. The return signal is the output of the system and is

obtained by using conventional linear system theory. Since a sphere

is symmetric, the same return is obtained at all aspect angles. This

return from the sphere is examined. However, returns from the cir-

cular disk are different at different aspect angles. These returns

from the disk are examined.
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PREDICTED MICROWAVE ELECTRO-MAGNETIC BACKSCATTERING
RETURNS FOR SIMPLE REFLECTIVE TARGETS

I. Introduction

Background

With the use of Synthetic Aperture Radar processing, it is
theoretically possible to obtain two-dimensional slant range versus
cross range image plots of the locations of the discrete point scat-
terers on simple geometrical shapes. These plots, it is hoped, will
show a rough outline of the object and will aid in its identification.
As was stated in the Preface, an aircraft will be thought of as a
collection of these simple geometrical objects whose image plots are
known at different aspect angles.

The two simple geometrical shapes considered here are the
sphere and the circular disk. The sphere is unique in the fact that
at any aspect angle the return signal will always be the same. This
is due to spherical symmetry. Thus, at any specific aspect angle, the
image plot obtained from the sphere will be the same as the image plot
obtained at any other aspect angle. As will be shown in Chapter 1I,
to obtain cross range information, the return signal must change with
changing aspect angle. Thus, for the sphere, only slant range infor-
mation can be obtained. The circular disk, however, has the advantage
of returning an aspect-dependent signal. Therefore, cross range

information can be obtained for the disk. The circular disk also




possesses a known backscattered frequency response which is treated as
the frequency response of a linear system. The backscattered signal
is the output of the system and the incident signal is the input to
the system. Although the backscattered signal from the sphere provi-
des nocross range information, its backscattered signal can be
obtained in the same way as the backscattered signal from the disk.
The method used for identification of the unknown shape is to
compare the image obtained from the unknown shapé to previously
recorded images of different known shapes at known aspect angles.
Hopefully, one of the known image plots will match up with the unknown
plot. Taken that this is the case, the unknown object will be iden-
tified as the object which corresponds to the known matching image

plot.

Problem and Scope

The specific problem studied in this thesis is how many
distinct backscatter signature returns are obtained over a specified
angle variation around the circular disk. The sphere is spherically
symmetric and thus will backscatter the same return signal for all
incident aspect angles. For this reason, the section on the sphere
was used to show how the return signal was obtained by knowledge of
the frequency response of the scattering. The return signal from the
disk is obtained in the same manner. In this case, however, the fre-
quency response of the scattering is aspect dependent.

Only the sphere and the circular disk are considered in depth

since they are the only simple geometrical shapes for which the
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frequency response of the far field scattering can be numerically

calculated.

General Approach and
Presentation

The general approach used in the research was to firstly
understand how two-dimensional images of the discrete point scat-
terers on simpie geometrical objects can be obtained. Synthetic Aper-
ture Radar processing was seen to aid in the development of a slant
range versus cross range image of the discrete point scatterers of the
object.

Secondly, there had to be discovered if there were any
geometrical shapes for which the backscattered field as a function of
frequency was numerically calculable. Once the sphere and the cir-
cular disk were found to possess this quality, they were the only sha-
pes concentrated on. As was alluded to in the background section,
this backscattered field, as a function of frequency, was treated as
the frequency response of a linear system. The incident signal is the
input to the system and the backscattered signal is the output. For
the sphere, only the backscattered signal at one aspect angle is exa-
mined §ince the sphere is symmetric. For the disk, however, the
returns from different aspect angles were examined.

The point of obtaining the backscattered signals from the
sphere and the disk is that, theoretically, they can now become the
inputs to the processor to produce the two-dimensional plots.
Unfortunately, because of time constraints, this could not be

attempted.

|
j
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The sequence of presentation of the main chapters in the-
sis is:
I. Introduction
II. Signal Processing-Two Dimensional Images
i I1I. Scattering from the Perfectly Conducting
} Sphere in the Far Field

IV. Scattering from the Perfectly Conducting,
Infinitely-Thin Circular Disk in the Far Field

Conclusions, Findings and Recommendations.
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II. Signal Processing Two-Dimensional Images

The processing used to obtain two-dimensional images of the
scattering centers of objects in the far field is essentially
Synthetic Aperture Radar processing (Ref 3, Ref 8). The following
is an explanation of the processing used to obtain a two-dimensional
image of two discrete point scatterers in the far field (Ref 7).

Figure 1 is representative of the situation of two discrete
point scatterers in the far field. Scatterer 1 is at point one and
scatterer 2 is at point two. Imagine, however, that instead of the
scatterers moving around the radar, that the radar moves around the
scatterers. The radar is at point three. With no loss in generality,
let scatterer 1 be located at zero cross range and let scatterer 2 be
located at cross range Rc2' Also let the distance from the radar
to scatterer 1 be constant and be denoted RO' Let the distance from
the radar to scatterer 2 be varying and be denoted R. Also let
A8/2 and © denote the angles shown in Figure 1. The angle A8/2x0°
and 9=90°, Therefore, the cross range axis is perpendicular to the
line from point one to point three.

The two dimensional image that will be obtained will be a
plot of slant range versus cross range. Slant range can be obtained
easily by noting the time delay of the signal from the radar to each
point scatterer and back to the radar. Therefore, if the time

h

delay to the it scatterer and back is denoted Ty the slant range

Rsi’ is
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Rei =7 (1)

where
cé speed of light in free space

As can be seen, the processing required to obtain slant range
is quite simple in principle. On the other hand, the processing
required to obtain cross range is more complicated. The cross range
of scatterer 2 will be examined since the processing involved to
obtain its cross range is representative of the processing involved
to obtain the cross range of any discrete point scatterer on the

target.

Assuming the transmitted signal from the radar is
sp(t) = eIt (2)

the signal received back from scatterer 2 will be

st(t) = ej(mct'ZkRSZ) (3)
where
= 2n
k=& (4)

Also, assuming that cross range values will be much smaller than

slant range values, RSZ can be approximated by

Rg, = Ry-R_, cOS 0 (5)




therefore,

note that
v T , AO
\ 0 =8/, =-pt+y+om (7)
‘ (t) R0 2 2
' therefore
s = TLh8 v
i cos 9 = cos (2 +5 ROt)
, (8)
{ = - sin (%; - at)
{ 0
) |
é However, if (%? --ﬁLt) is small, then
| 0
cos 8 = th - Aze— (9)
0
Therefore,
’ j2ch2vt
jw_t -j2kR -jkAaeR R
spe(t) = € ¢ .e 0. ¢ 2,6, O (10)

] At the receiver, there will be a bank of matched filters.
Each of them will be matched to a specific cross range on either
side of zero cross range. There will also be a filter matched to

Zero cross range.

The bank of matched filters is represented in Figure 2

i where Ax is the cross range resolution and T is the dwell time.

[y ——

If there is a discrete scatterer at a cross range which is an

\ integer multiple of Ax, the outputs of the filters matched to those

H
13
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Figure 2. Bank of Matched Filters at Receiver
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integer multiples will roll off with a sin x/x distribution. For
example, suppose there is a scatterer at cross range Rc' Therefore
_2chv

Jw t -j2kR -jkaeR J t
st(t) =e ¢ .e¢ 0. e C.e RO (11)

The ejmct term can be suppressed without Toss in generality. There-
fore,

~J2kR -JjkABR
SRz(t)=e o-e c. 3 R t (12)

The output of the filter matched to Rc2 would be

( ) 2chv 2ch2v

T/2 -jk{2R .+A6R J t -j—=—t dt
e 0 ¢ .e R0 -] R0

-T/2

. 2kv
-Jk(2R0+A9RC) fT/ZeJ'T{a-( RC-RCZ )t

= @ dt (13)
=T/2
T sin[2ZYR -R ,)T]
-jk(2R0+AeRc) ARO c ¢2
= e
2V
[Xﬁa(Rc'Rcz)T]

A plot of the magnitude of the above equation as a function of RC
is shown in Figure 3. If Rc= Rc2’ a maximum of T will be the out-

put of the filter matched to RcZ' If Rchcz, the output of that

same filter will fall off as a sinc(x) distribution as a function

of RC'
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Figure 3. Plot of Magnitude of Equation (13)
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To determine cross range resolution the criteria that will
be used is that if the output of the filter matched to RC2 is above
0.707T in magnitude, then there is a scatterer at cross range RC2:

sinc(x)=0.707 at approximately 1.4 Rad. Therefore, ARC=RC- Rc2 must

e e . el R J’ﬂ

be found in Eq. (14) and multiplied by two to obtain Ax.

. remv
S‘ln[‘XTO‘ARCTJ
= 0.707 (14)
2rv
[AROARCT]
Therefore
20 o1 s1.8 (15)
ARO c
1.4AR0 0.22>\R0
BR. = T = T (16)
0.44)R, {

MX = 28R, = —g— (17)

After slant range and cross range of each scatierer are

obtained, a two dimensional plot is made for a single target at

a single aspect angle by locating these scatterers on a display.
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III. Scattering from the Perfectly Conducting
Sphere in the Far Field

The electromagnetic backscattering from an object can be
thought of as a linear system characterized by a frequency response
which is the normalized backscattered E-field as a function of fre-
quency (Ref 2:6). Therefore, in theory, the frequency spectrum
of the backscattered signal can be obtained by multiplying the
Fourier Transform of the incident signal by the frequency response
of the system. The backscattered signal is the inverse Fourier
Transform of its frequency spectrum. Thus, by conventional linear
system theory, the scattered signal from an object can be obtained.

The reason for obtaining the backscattered signal from the
object is that it can now be inputed to the processor described in
Chapter II in order to obtain a two-dimensional, slant range vs. cross

, range image of the discrete point scatterers on the object. The

process is represented in a block diagram in Figure 4.

Frequency Response of the Sphere.

The Mie series solution of the scattering from the sphere at

a point p as a function of w is (Ref 14:142):
- ) - -
E>(p,w) = Eon§1(AnMoln+BnNeln) (18)

where,

13
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|
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noln = ThE hn(kr)Pn(cos 8)(cos )8

-hrl‘(kr)iPl(COS 8)(sin cb);

dé' n

3 . -
3 Nein = Dﬁ%%ll hl(kr)P%(cos 8)(cos )r

3
'i;. + El? . gr krhrl\(k?‘)]a%‘P,I,(COS 8)(cos ¢)6

T kr s%n 6 d(gr) [krhﬁ(kr)]P%(cos 8)(cos ¢)¢

[ >

P;(x) Associated Legendre Polynomial of degree n and order 1.

n
:._1__ -d_(x

2".n! dxn

2" (21)

h;(x) 2 Spherical Hankel Function of degree n and order 1.

>

= J(x) + 3¥ (x)

15




Y (x) = Jn(x) cos (nm) - 3_ (x)
sin (nmw) (23)

n not an integer

n 2ne1  Jplka)

b -
[

EE)

n(n+1) h] (ka) (24)
Kaj. (k
B = ('j)n+1 2n+] Zkas[ aJn( a)]
n n(n+ )—YEEy[kah (ka)] (25)

However,assuming r>>a, g Jut time dependence and using far

field approximations, with "a" the radius of the sphere (Ref 14:143):

Eoejkr ~ N
ES(p,u) = < [cos ¢S](e)e - sin 652(9)¢] (26)
where
S.(8) = f n+l A P (cos 8) 1
]( ) et (-3)" 'L ""'_375"5_— + JBn gg Pn (cos 6)] (27)
P (cos 98)
52000 = T (-0, geptcos o) + g8 T (28)
let,
F(6,0) T = cos $51(8)8 - sin $5,(0)8 (29)

In the backscattering direction, approximations are made
for F(0) for four regions: the Tow-frequency region, the lower
resonance region, the upper resonance region and the high

frequency region (Ref 14:146-150):

16




T

P

In the low frequency region (ka<0.4) the approximation for

F(0) is (Ref 14:150):

F(0) = 3(ka)? (30)
therefore
E ejkr
reS(w) = 0 K --%(ka)3 (31)

In the lower resonance region (0.4<ka<0.8) the approxima-

tion for F(Q) is

) = 30110 i) - (SR 1)

+ 73(ka)®01 + S(ka)? (32)
. -1
J tan
="x2ty2 e
where
_ 3 3, 5 2,17 4 6,651,923 6
X = §(ka) (1 54(ka)-§ﬁﬁfka) Tjj§57f555(ka) ] (33)
17

|
|




y = $ka)®(1 + $(ka)?] (38)

therefore

. E&Jx2+y2 jlkr + tan™! %)
rE’(w) = ——— -e (35)

In the upper resonance region (0.8<ka<20) the approximation
for F(0) consists of a specular component, F°(0), added to a creeping

wave term, FS(0). Therefore,

F(0) = F(0) + F¢(0) | (36)

The approximations of F°(0) and FC(O) are:

-j2ka .
FO0) = e 15 (37)
4 7
5 Jjm(ka - %)
FS(0) = (ka)> e 6" [1.357588 +

+ (0.741196 + j1.283788)(ka)

3

| -}
.




1
- exp [-(ka)3(2.200002 -j1.270172)

+ (ka) 3(0.445396 + §0.257150)]

-2
+[0.695864 + (0.964654 + §1.670829)(ka) 3] -

]
. exp [~(ka)3(7.014224 - j4.049663)

1
(ka) 3(0.444477 + j0.256619)]

[0.807104 + (0.798821 + j1.383598)(ka) °] -

1
exp [-(ka)§k5.048956 - Jj2.915016)

- (ka) 3(0.312321 + 30.180319)] (38)
Tet ?
FO(0) + FC(0) = VxP4y? etan™! % " (39)
where
x = Re{F%(0) + F¢(0)} (40)

19




y = Im{F°(0) + FS(0)} (41)

therefore

7.2 j(kr+tan"l L)

re(w) = g "—EY— e X (42)

In the high frequency region (ka>20) the approximation for

F(0) is

F(0) = - %kae'jZka 3)
therefore

red(w) = - Eg;i o-dlkr-2ka]

(44)

Ea .
_ _g_ eJ[kr-Zka]

; A computer program is listed in Appendix A which calculates
: the frequency response of the far field E-field backscattering from
‘ a perfectly conducting sphere. To give an idea of the shape of

J the backscattered E-field frequency response, a sample of the

‘} response is shown in Figure 5 as a function of ka up to ka=30.

“ Since the scattering from the sphere is aspect independent, the

response shown in Figure 5 is valid at any aspect angle.
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The facility for obtaining Fourier Transforms and Inverse
Fourier Transforms in this thesis is the Fast Fourier Transform (FFT).
An explanation as well as a listing of the computer program for the
FFT is provided in Appendix C. A review of the proper selection of
FFT parameters is provided in Appendix D.

Process to Obtain Backscattered Signal

The incident signal used is a pulse of five cycles of 10GHz
R-F. The selection of the proper way to sample the incident pulse is
explained in Appendix D. From Appendix D, the pulse is shown to be
sampled ten times each cycle, or fifty times each pulse. The pulse is
shown in Figure 6 centered at t=0. The pulse is shown split in two
parts. One part is at t=0 while the other part is at t=10.24 nsec.
This is done because the FFT cannot see negative time. The FFT assumes
periodicity of the time signal and its frequency spectrum. Therefore,
the pulse would repeat around t=10.24 nsec (NOTE: 1024 samples,
samples are 0.01 nsec apart). An expanded view of the left half
of the pulse is shown in Figure 7. The spectrum of the pulse is shown
in Figure 8. Note that the spectrum is simply a sinc(x) function
shifted in frequency and centered on 10GHz. As outlined in Appendix D,
the frequency response of any object must go out to the 250th sample,
with Af between samples being 97,656,000Hz, to fully enclose the
appreciable frequency components of the incident 10GHz pulse. The
frequency response for the sphere is shown in Figure 9, with the
left half frequency reversed, conjugated and shifted up in fre-
quency. The conjugation occurs, because when this frequency response

is inverse transformed, the result should be a real impulse response.
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Incident Pulse of R-F at 10 GHz
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It will be real if the frequency response has even magnitude and odd
phase. The real part of the inverse Fourier Transform of the fre-
quency response in Figure 9, is shown in Figure 10.

In Figure 11 is shown the real part of the result that is
obtained when the frequency response of the sphere is multipiied by
the Fourier Transform of the 10GHz incident pulse and inverse Fourier
Transformed. Figures 12-14 show the same process done on a video pulse :
of the same width as the 10GHz pulse. Figure 12 is the video pulse |
with Figure 13 its spectrum, and Figure 14 the real part of the back-
scattered signal. Figures 11 and 14 will be compared. Because
the video pulse has frequency components down very low in frequency

where the frequency response of the sphere is oscillatory, the

response obtained by linearly convolving this pulse with the impulse
response of the sphere is not exactly the video pulse returned as
is shown in Figure 14. However, the appreciable frequency components
of the frequency spectrum of the 10GHz pulse are out in frequency

where the frequency response of the sphere is essentially flat.

Therefore, as shown in Figure 11, the 10GHz pulse is returned almost
intact with only a time delay. The slight negative response at the
end of the graph in Figure 11 also holds much significance. This

is the return from the incident signal creeping around the sphere.
The significant point is that as the incident pulse gets shorter
and shorter in duration, more and more physical features of the
object that thé pulse is illuminating will become noticeable. In
the case of the sphere, there are only two returns; the specular

return and the creeping wave return. An unfortunate result is
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that as the frequency of the pulse is increased, the creeping
wave term will become less apparent. So only the specular return
will be noticeable. At lower frequencies, the creeping wave
return will become more apparent. Refer back to Zq. (17) in
Chapter II, written here for convenience.

0.44)\R0
Ax = 2AR_ = T (17)

c
As the frequency is decreased in order to notice the creeping wave
return, the wave length, A, will be increased and thus increase
Ax and thus decrease the cross range resolution. As the frequency
is increased in order to decrease A and Ax and therefore increase
the cross range resolution of the discrete point scatterers, the
creeping wave return will disappear. Thus, for all practical purposes,

only the specular return will be detected.




IV. Scattering from the Perfectly Conducting,
Infinitely-Thin Circular Disk in the
Far Field

% As was stated in the Introduction, the sphere, until recently
| was the only geometrical object for which numerical scattering results
7 could be obtained. Although the rigorous eigenfunction solution of
the scattering from the thin circular disk has been availabic in the
Titerature for some time (Ref 1), only limited numerical results

have been available due to the complexity of the numerical computations
involved. However, in February 1979, a report out of the Electrosciences
Laboratory at the Ohio State University was published for the
Department of the Navy, Office of Naval Research, which made avail-
able the rigorous eigenfunction solution of the plane wave scatter-
ing problem from the infinitely-thin circular disk (Ref 9). The
author, Dr. D. B. Hodge, develops a computer program to obtain the

far field scattering from the thin metallic disk. The program allows
an incident plane wave of arbitrary incidence angle and polariza-

tion and calculates the far field radar cross section as well as

the scattered E-field. The geometry of the disk is shown in Fig-

ure 15. The direction of the incident wave is specified by ki and

eo. The incident direction is restricted to the x-z plane. Because

. of circular symmetry, this is no restriction. The angle "a" is

| the polarization angle. When a=0°, the incident field is parallel

to the x-z plane. When a=90°, the incident field is perpendicular

to the x-z plane. The radius of the disk is "a." While the incident

H
i
b
H
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field is restricted to the x-z plane, the scattered field can be

in any direction specified by e and ¢S. However, since backscat-
tering is only considered, e 8y and ¢s=0. A listing of Dr. Hodge's
program is contained in Appendix B along with a sample I/0 and an
explanation of how to input values to the program.

The program is valid up to ka=15. A high-frequency approxi-
mation was used to extend the program past ka=15. This approxima-
tion is a modification of the Sommerfield-MacDonald technique by
Ufimitsev (Refs 16 and 17). For 0°<6,<90° and ©.=6,, the theta com-
ponent of the E-field normalized by the radius of the disk and
divided by two is (Refl4:514-515).

l1+sin ¢
S« 4 2 2 0y{ .
reey = { (8) (2 G ) + A (o)< "o)]

T1-sin @
)

e J (2ka sin 90) - J[ 2(9) (m (45)

1+sin eo )
(e)(E_ETﬁ—ga) JZ(Zka sin eo)




G
A, (8) = /2 exp [-33] [C[Z\@lcos(ﬁ'— 3 7°)|]

2
5]
+ js [Z\E:E]cos(% 3 —4Q)H] (46)
: _ n w2
¢(n) = focos 5t° dt (47)
n
s(n) = fysin 3% dt ' (48) |

To 1imit the extent of the programs listed in Appendix B,
a=0, in Figure 15. Since, such is the case, only Eg need be con-
sidered since E; will be zero. The program used to implement the ]
above equations for Eg and o” is in Appendix B with an output

following the first program. The computer program that incorpo-

rates the externision to the first program is the third program

listed in Appendix B.

Sensitivity of Returns from the Circular
Disk at Five Different Aspect Angles

The following discussion is divided into three sections.

The first section concerns backscattering from the circular disk at




1° off normal incidence. The second section is a sensitivity study

of the backscattering from the disk at 71°, 72°, 73°, 74°, and 75° 1
off normal incidence. The last section examines backscattering

from the disk at 89° off normal incidence.

Backscattering from the Circular Disk at 1° Off Normal.

L

Figure 16 shows the frequency response of the backscattered E-field
from the circular disk at 1° off normal. The large oscillatory portion

of the response is the backscattering in accordance with the physical

optics model. If the frequency of the incident E-field is constant
and is directed at a specific aspect angle off the normal of the
disk, a lobing pattern, quite similar to an antenna lobing pattern,
will becreated with the maximum of the major lobe pointe& at the
same angle off normal as the incident E-field and 180° around the

disk from the incidence direction. This pattern is the magnitude of

P,

the scattered E-field as a function of aspect angle. As the fre-
quency is increased and the incidence angle is kept constant, the
beam widths of the lobes of the lobing pattern become smaller and
consequently maxima and minima of the lobing pattern pass by the

fixed incident angle resulting in the oscillatory nature of the fre-

quency response of the backscattered E-field. The oscillatory
response riding on the physical optics response is due to diffraction
off the edges of the disk. If this response were to be plotted out
by itself, it would be seen to be oscillatory in nature although of
much smaller magnitude than the physical optics response. Figure 17
is a plot of the phase of the frequency response whereas Figure 16

is a plot of the magnitude of the frequency response. Figure 18
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is a plot of the backscattered signal at 1° off normal incidence
when a video pulse 0.5 nsec wide with a pulse repetition frequency
of 100MHz is incident. This "impulse response" is seen to have a
doublet at the leading edge of the response. This contribution is
due to a term proportional to ka in the scattered electric field and
is predicted by both physical optics and the geometrical theory of
diffraction (Ref 10:559). Although the response in Figure 18 is
not truly the impulse response since the incident pulse is not an
impulse but a video pulse of width 0.5 nsec, the response obtained
closely resembles resuits obtained in the literature (Ref 10:p.559).
The backscattered signals obtained when a pulse of five cycles of
10GHz R-F is incident at 1° is shown in Figure 19. The effect of the
doublet is still seen as the phase of the signal immediately to the
right of t=0 has a phase of 180° relative to the incident signal

shown in Figure 6.

Backscattering from the Circular Disk from 71°, 72°, 73°, 74°,

and 75° off Normal. As was stated in the Introduction, the specific

problem studied in this thesis is how many distinct backscatter
signature returns are obtained over a specified angle variation

around the circular disk. The vehicle for accomplishing this was to
find the angle for which the backscatter frequency response had the
Towest minimum at 10GHz (remember the incident pulse is five cycles
of 10GHz R-F). The angle is 73° and was obtained with the usé of the
combination program or 3rd program in Appendix B. The angle variation,
mentioned above, was centered on 73°. This variation in angle was

from 71° to 75° in one degree increments. The frequency responses

42
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which correspond to the five angles are shown in Figures 20-24.

The backscattered signals at these angles are shown in Figures 25-29.
If more time were available,the backscattered signals would have

been inputed to the signal processor outlined in Chapter 1I, but
because of time constraints bnly the backscattered frequency responses
and backscattered signals will be compared. Their similarities and
dissimilarities will be pointed out as well as conclusions that can
be dervied from the figures.

In Figure 20 is shown the frequency response of the back-
scattering when the incidence direction is 71° off normal. Note the :
minimum is at approximately 8GHz. As theangle is increased from
71° through 75°, this minimum will move to the right and would pass
through 10GHz when the incident angle equals 73° to approximately
13GHz when the angle equals 75°. q

If images were able to be made from the backscattered signals

corresponding to angle variuations around the five angles discussed,

3 cne of two things would be true. If the images were virtually the
same, then only one of the images would be recorded. Thus, this
would reduce the number of image plots to characterize the object.

i If the image plots were quite dissimilar, then all the image plots
obtained would definitely be needed and the angle variations would
further have to be subdivided to see if the image plots corres- !

ponding to the smaller angle variations were similar or not. This

process is repeated until image plots which were virtually the

same were obtained. At this point, only the previous image plots




are retained for comparison to the image plot obtained from the
unknown object.
In Figures 25 to 29 are shown the backscattered signals

when the angle of incidence is 71°, 72°, 73°, 74° and 75° off

normal, respectively. Notice that the backscattered signal when
eo=73° is the smallest return out of the 5 returns. This makes sense

since at 73° the frequency response of the backscattering has a

DIV

minimum at 10GHz which is the frequency of the incident signal.

As eo is increased and decreased around 73° the backscattered signals
are shown to increase in amplitude. This indicates that a valley in ‘
the frequency response has been passed through. At the right
3 side of the curves shown in Figures 25-29 there is another
response. This is conjectured to be the diffracted return with

the dominant curve on the left being the specular return.

Backscattering from the Circular Disk at 89° off normal.

In Figure 30 is shown the frequency response when 60=89°. This
case is considered to illustrate what the return signal looks like
at almost edge-on incidence.

i In Figures 31 and 32 are shown the backscattered signals
at eo=89° for the 10GHz R-F Pulse and video pulse. Note that the Q
amplitudes of the returns are reduced from the amplitudes of the %

returns centered around eo=73° by 2 orders of magnitude. It can thus §

*' be concluded that the diffracted returns are always smaller than the
physical optics returns. It is interesting to note the curve on
! the right side of Figure 32. This return quite possibly could be §
# the pulse traversing the disk and being diffracted back. From ‘
i
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Figure 32 it can be observed that the time delay between the beginning

of the first return and the beginning of the second return is |
approximately 5.20 nsec. It can be calculated that the distance é
in space that corresponds to a time delay of 5.2 nsec is equal to i
approximately 1.56 m. This means that the incident pulse has to ?
travel an additional 1.56 m to produce the second return than it ‘
had to travel to produce the first return. The first return in
Figure 32 is considered the physicél optics return from the edge

of the disk. The second return in Figure 32 is conjectured to be

the return caused by the incident pulse traversing the disk and then
traveling half way around the disk to the point of incidence.

With the radius of the disk equal to 0.30 m, the additional distance
that the second return travels is approximately 1.54 m which provides
a time delay of approximately 5.20 nsec which corresponds to the

time delay between returns in Figure 32.

i
i
i
]
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VI. Conclusions, Findings, and Recommendations

Conclusions

There are two major conclusions that can be derived from this
thesis. '

The first conclusion is that no cross-range information can be
obtained from the perfectly-conducting sphere due to the aspect inde-
pendent hature of the backscattered return. The second conclusion is
that, with the 10GHz pluse incident, due to cross-range resolution
constraints, only the specular scatterer and not both the specular and
creeping wave scatterers will be detected on an image plot. Thus, the
image plots obtained from the processing discussed in Chapter II would
only show one scatterer and would not aid in the identification of the

sphere.

Findings

The backscattered signals centered around 8 = 73° for the
circulér disk are quite similar. The above indicates that maybe the
image plots that would be obtained from angle variations around 71°,
72° 73° 74° and 75° off normal, quite possibly could be quite simi-
lar. If this were the case, the five image plots could be replaced
by one image plot. If such were not the case, then these five image
plots would definitely be needed in the series of image plots used to

characterize the circular disk.
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Recommendations

It is recommended that the processor described in Chapter II
be implemented and that the number of distinct image plots that are
obtained for the circular disk be investigated. The effect of
increasing or decreasing the frequency or, equally, decreasing or
increasing the wavelength of the incident E-field, on the cross range
resolution in reference to the disk should be investigated. In other
words, are the diffraction returns off the edges of the circular disk
attenuated as the frequency is increased and is Ax, as defined in
Chapter II, too large to resolve the diffraction scatterers as the

frequency is decreased.
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Appendix A

Explanation and Program Listing for the
Frequency Response of the Sphere

The following 1isting is the computer program that was used to |
generate Figurés' 6, 7, 8, 9, 10, and 11. The program is a straight-
forward application of the equations for the different frequency
regions as outlined in Chapter III. However, a few words will be
stated td explain the plotting.

First of all, the plotting was done using a library which is
unique to the computer system at the Air Force Institute of
Technology. The library of subroutines used is called SAPL. The
subroutine within SAPL used to do the plotting is called HGRAPH. As
an example, generation of one of the graphs will be explained.

Figure 10 is a graph of the real part of the impulse response
of the sphere. The computer program statements which generate this
graph are statements 1140 to 1220 inclusive. The array IE which has
17 locations is used for labeling. IE(1) to IE(8) are used to label
the upber righthand corner box. IE(9) and IE(10) are used to label
the abscissa and IE(11) and IE(12) are used to label the ordinate.
IE(13) to IE(17) are used to title the graph (NOTE: 10 hollerith
characters fit in one array location). This title goes on the outside
of the graph box along the ordinate coordinate. The CALL PLOT state-
ments merely position the pen on the plotter. The CALL HGRAPH state-

ment calls the correct subroutine for plotting. The argument list
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contains seven arguments. In the example, V is the array of x-axis
values of dimension 1026. ROESR is the array of y-axis values of

dimension 1026. Both arrays are two more locations than 1024 for

i 3

internal scaling purposes. The "1024" is the number of points to be
1 plotted. The IE is the labeling array. The "1" specifies internal
4 scaling by the program. The first "0" means connect successive points

by a straight line. And, finally, the second "0" means to draw dots

at points as opposed to other symbols (i.e., triangles, circles,
etc.).

The preceding is all that is needed to plot graphs using the

HGRAPH subroutine in the SAPL library.

e i i A - Bt
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Appendix B

Explanatjon and Program Listings for the Frequency
Response of the Far Field Scattering of the
Perfectly-Conducting Infinitely-Thin,
Circular Disk

The first computer program shown on the following pages cal-
culates the far field radar cross section and associated E-field for
the infinitely thin circular disk (Ref 9). A sample of the program
I/0 is shown after the program listing. The user need only input
eight variables for the initial case to be executed. They are:

1. 'KA = electrical radius of the disk = (2n/))a.

2. THETA INCIDENT = 60 (degrees)

3. POLARIZATION = o (degrees)

4. THETA SCATTERED = B¢ (degrees)

PHI SCATTERED = 95 (degrees)

WHICH VARIABLE IS TO BE INCREMENTED? :
if 1 through 5: the variable associated with that index

above will be incremented
if 1 through 5: then only the initial case will be
calculated. In this event, the remaining

parameters are not requested.

TYPE NUMBER OF CASES: enter the total number of computa-

tions to be performed.
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WHAT IS THE INCREMENT?: enter the increment by which the
variable selected should be increased after each

execution.

A1l inputs may be made in free format. The program labels

the first column with the name of the variable to be incremented.

The second and third columns contain the cross sections associated
with the 6 and ¢ components of the scattered field. The last four
columns 1ist the magnitudes and phases (in degrees) of both the ¢
{ and ¢ components of the normalized scattered electric field.

On completion of the cases desired, the program will ask for
a new KA and proceed as before. If a 0 is entered,'the program
will terminate. If a -1 is entered, a brief statement of the problem
geometry will be given. Following this statement, the program will
ask for a new value of KA.

The program works fine up to KA=15. For KA>15, a high

frequency approximation is used as is outlined in Chapter IV. The

program to implement the high frequency approximation is called

SCATTER and follows the 1/0 of the first program. The output

for 00=45° follows SCATTER's program listing. It is important to
note that in relation to the input parameters of the first program,
SCATTER is restrictive in the sense that it returns only the theta

components of cross section and E-field and assumes the phi compo-

nents of cross section and E-field are zero (a=0). Also the incident

angle is equal to the scattered angle (backscattering) and is

e maiet A s A




restricted between 0° and 90°. It is also restrictive because it

will only increment KA.

Although the first program's output and the output from
SCATTER have values for the cross section and E-field from KA=1-25,
the first program is invalid for KA>15 and SCATTER is invalid for the
lower values of KA. What is needed is a program that combines the
two. This combination program follows the output from SCATTER. The
output from the combination program follows its listing. Note that
for KA<15, it uses values from the first program and for KA>15, it
uses values from SCATTER.

In the SCATTER program, the Fresnel Integrals were calcu-
lated using the trapezoidal rule for approximation. The values
obtained from the FRESNEL subroutine agree with the literature out to

three decimal places (Ref 11:34).
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100=

110=0

120=
120=
{d40=
1S0=

DO O
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PN
(Y
[

DO ODDOTTT D DD DD

H
XU ]
D)
i

DOODODODODIDID
LU O (T J T J (J T

AAAAARAN AN
DN B O =D 0

[
(x4

4

ny
~J

FROGFRM DISESS T IMHRLDT«OUTFUT s TRFES=IMFUT « TRFES=0UITFLUT»

FRF FIELD ZCATTERIMG BY A CIRCULAR METALLIC DISK

DIMEMIION LREEL CS) « WAR (5

COMPLEY Fa4eFPTIsle D VETAD s e ZeZAsZEsZC 2D

lsIﬁ-EPPPT-EFHFPsEPEFT;EFEFP.E T s EZHF

COMMOH EIGYESOr DS Qe SO a DHES TSN o R SO s FS (S0

1o SOCS 0GP SO ZETRS O s ZETROS O «FEI S u-,M-Sﬂ),Yﬂ(S&)

1« YETROSO o) iS00 o 0S50 s TMPHT -Hl-’“FHI"

DATA LHEELﬁl'JlUH KR s

IRTH LREEL ©22~10H THETA 1

DRTA LREEL <=3 ~10H FOL

DATA LAEREL c4x~10H THETA =

IATA LAEEL «S»~10H FPHI =
HWaleel,.?

MREITE 112

FORMAT (1Xe w7 13X "SCRTTERIMG EBY

175X " HODGE -- WERZIDM 1217720

WRITE TS 2652

FORMAT clxs #ore 1Hs " CTYPE EfR=0 TO ZTOP FROGEAM) “s~-

IIHs"thPE FR=-1 FOF H DESFIFTIDOM OF THE".

Ve 1Ee Y CHORMRLIZATIONM: EZCAT=AeEIHCeENDFM"”

1"~ 2eFRroERP i~ lokoRaa s e 1 W " cALL RMGLEE IM DEGREEEN ")

NNNN

A METALLIC CIRCULRE DIZE"

HOC=1

IMDEx=1

WRITE & 272

FORMAT ilds <rrsl¥e "1, KR"e14¥e "= ")
FERD :Syex YRR (1D

IFVRRCLY JER.—12030 TO 41

IFIVARCID JLE.O.230 TO S

WRITE (5230

FUENHT(I}-"E. THETH IMCIDEMT = "2
FERD (S ed WRE 2D

MFITEIPQ.;':“

FORMAT £1x« "2, FPOLRARIZATION = "
PEHD[I!’J ”HP(S?

WREITE t& e 200

FORMAT (1xs "9, THETR ZCATTEFRED = ™)
FERD Ty & AR (30

WMEITE Cge 212 :

FOFMAT D1« "5, FHI SCRATTERED = "3

FEATI LS o3 YAR (S

WFITE g 30

FORMART (1xe <o 1s “"WHICH “RRIAELE IS TO EE INCREMENTED?")
FERLD S e MYAR
IFCOMYRR.LE. 00, OF ., tNYWRR.GT.SY2 050 TO 23
WRITE (& 212

FORMRT <1 "TYPE HUMEER OF CRSES:™)
RERD CSse> NOC

WRITE & 220 .
FORMAT c1¥s "WHRT IS THE IMCREMEMNTT™)
FEAD (Sees YWIMCRE

COMTINUE '

WRITE(S«24) LAEEL tHYHERD

FORMAT (11X~ 9Bl De e "CROZE SECTIOM" 2 "E NOFM™ e

2%
llgHsnglr”Hf'PI0H"c‘ s 110 "THETA " » 1SEs “"PHI "9 ¢ 1 3%
SEXY "MAG" « DXy

1"THETA" s F¥e "PHI "2 s "MAG" » Sis "PHRZE"
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o,
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-

SODQO
-
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OODODODODODDODDDDD DO

et P b b Pub Pud Db Pub Pod b Pubt b b frcb Db P Pud Pub P Pb oo
w o

NICS bt bt b pb Bt b b b Pt A D DD D OO O

QWRNT N BN e D D0 TN BN

H
i

1"PHRZE" « 2

[NERYI =1 =20 (]

MR =45

MHMMR==45

IFFMAN=4S

THEO=YRF(Zh 3, 134153-1240

ETRO=C0Z cTHED:?

THE="RF 42, 14159120

ETR=C0OZ CTHEX

FHI=YVRR (S +3,14159-150

ALF=YRAF *2,. 131597120

CRLF=CO% sALF>

ZALF=ZIHALF»

DO 10 MM=1« MMMRE

M=M1-1

I0=0

CARLL ZMHO My NHMAXD

CHLL DOEEIGH e My MMHMAXD)

CALL OERECOFM T M MAMEAR s HHMAXs TREFMAMNY |
CARLL DMEGGH T Ma HMHMRRD

CALL DOEFADCCe Mo TE MMMAN s HHMAY s IRFEMAND
IFCIG.ER. 1230 TO 10 :

CRLL FFZTI My HNMEASD

CRLL FOLYMIETRO«Ms IRFMAXD

CALL OEBAMS CHHMAN « IRFMAXD)

g ¥ I=1sHHMAX

ZETROCI»=SETH I

CALL Ful My HHMAED

CALL POLYMLETAMs IRRMAXD

CHLL OEAMG CHMMPAE s IRRMAND

CHLL FY oM e HMHMAXS

COHTINLE

o 13 MM=1s MMMAX

CRLL FALCMMe MMMRAXD

IFCMMMARX. LT GO TO 12

CALL CEZFHI CMMsFHID

COMTINLE .

CALL FZrMMMBEE e S SR SR« SCs ZD)
EFRRET=ETRe ~ZeZe MFHI (23 +ZA2
EFRRP==C¢Z¢IMFHI (22 +ZE
EFEFT=ETRe (2o TMFHTI v21 =2CH
EFEFF==2¢Z¢MFH]I ¢Zr+Z0D

IFCETRO.ER. Q.20 TO &

EZMT=Celxe CRLFEFRFT-ETRO+ZRLF¢EFERT)Y ~C
EZMF=Ce¢lxe i LALF¢EFRFF-ETRO+ZRLFeEFERP) ~C
G0 7O 2

ESHT=Cel-eZRLFeEFERT-C
EZHF=2¢lxNeZRLFeEFERF.-C

EMAGT=CA “NT

EMRGF=CREZ (EZMP)
ZIGTHE=EMRGTeEMRGT
ZIGPHI=EMRGFeEMAGP
El=FERL tEZHT>
ES=RIMAGEZNT)
IF(EL1.EQ.0.>»G0 7O 16
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vt ~apiibadagndNLD SR

1 lﬁ

1e2n=
133Q=
1&d0=
1&50=
120 0=
127 0=
1220=
1&90=
1200=
1310=
1220=
1320=
1340=
350=

12e0=

1520=
15320=
1540=
1550=
1‘60-
1-.“

I?ED-
15490=
1&e00=
1810=
16z20=C
1630=C
14 0=
1850=C
1560=C
167 0=
1620=
1650=
1700=
1710=
17e0=
1730=
1740=
1750=

(57

Loy

[
o0

XS N px}

4
4

4

e
1

~1n

1
0

i

FHFiG=EC-E1

EFHAT=150- g,141=40HTHH'HFh'

IFCCEL LT, 00 RHD, CEZ. BT, 0. 2 D EFHRT=EFHAT+120
IFi(El.LT.n.).RHD.fEE.LT.U.h)EPHHT=EPHHT—180
s0 70O 17

EFHRT=5n

IFES. LT, 0. EFHRT==30

El=FERAL “EZMHF

ES=RIMAG CEIHF)

IFCEL.ER. 0,230 TO 12

AFG=EZ~E1

EPHAF=120-2. 14152 eRATRH YARG)

IFCCEL. LT 0.0 JAND, CE2.GT. 0.2 2 EFHAP=EFHAP+120
IFCCEL LT 2.0 cAND, CES. LT, 0.2 *EPHAP=EFHAF-120
c0 7O 19

EPHRP=%1

IFCES.LT. 0. EPHAFP=-90

IF CHVYARRLED. DD HYARRE=1

WRITE (& 252 YAR (HYARY s SIGTHE » ZIGFHIsEMARGTsEFHRAT s
1EMAGF s EFHAP

FORMAT (1 X F7.Ss2 01 -Elﬂ.---ch;-Eio.t,ln-F? a2
IFCIMDEX.EQ. HOCS0 TO 4

IMDE==IHDEX+1

VAR CTHYARRD =VARE (MY AR +Y ITNCRE

0 TO &

CALL EXIT

WREITE(Eed 0D

FORMAT i1y ~-s 1¥s "THE DIZK OF RADIVE A LIES IN THE X-Y PLAME

114 “CENTERED AT THE DRIGIN. THE CONWYEMTIOMAL <Ry T

1"PHIY COOFDINATE EYESTEM IS UZED IN THE FAR FIELD.
1"THE FLAME OF IMCIDEMCE OF THE FLAME WRYE IEZ THE™s.
1"¥=2 <PHI=0» PLAME. THE FOLARIZATION RMGLE CFPOLY "
1"0F EINC IZ MERIURED FRCOM THE FLRME OF IMCIDEMCE s
1"IN THE PHI-DIRECTIOM. I.E.s FOL=0 1% THE FRRERLLEL"

HETH, "

'V

RS B

Selde
/'1.".'
/ll"‘

e
s~ e lxy

1" (THETA» CHZE AND FOL=20 IZ THE FERFEMDICULAF CPHI s s 15

1"CAZE, "+ 2Xs "THE REZULT IZ A Z0OLUTION OF THE RIGORDL:
11, "EIGENFUMCTION ZCATTERING FROELEM. "2

0 7O 4

CONMTIMUE

0 TO 4

END

OFELATE SPHERDIDAL RNGULAR FUMCTIOM. Zs0F ARGUMENT Q3
OFDERMeM: WITH H-M EVEMIUF TO ORDER MH=M+ZeNNMAX-2.
CERUAL TD PMMC02)

SUEPOUTINE ZMMNO <M NMMAXD
CDnPLE' Fa
comMmMoM EIG"ﬂ'nnfcﬂsqﬂ--DNEF--u).Flc‘ﬂﬁ,F4(§0\
13050
S0 =1
IF(M ERQ.D.>530 7O 1
DO 2 MM=1.M
ED(I)"-‘NM-IUO =0<1>
00 2 NMH=1sHMNMAX
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‘ }
;
: 178 0= H=Ze rHMN~11 +M j
; 17v0= 3 ZOHM+1 Y == (H+M+ 1D ¢ T0 (HND -~ (N=M+2) !
} 17&80= FETURN :
3 173 0= END
| 1200=C
i 181 0= IIN AND COZIME FUMCTIOHE OF FHI
1820=0
i 1&30= SURRDUTINE CSFPHI cMMsFPHI
’; 1240= COMPLEY F3«ePIZIebWs YO+ YETHDOs e ¥
i 1250= COMMOM EIGYSE s DSOS s DHER CS0h o R 1 (500 s FE (S i
; 185 0= 1300500 s POSO s ZETR S s ZETROCS O o PET (S0 o M CS 03 « YO (SO ;
3 187 0= 1sYETAD OSSO0 s LS00 o 0500 s CMPHI €500 » TMPHI (S 0D | ]
‘; 1220= M=MM-1 i
; 1230= CMPHI (MM =COZ CMeFHI !
: 1200= EMPHI cMMY =2 IH (MeFHID !
. 191 0= RETURN 'r
i 1920= EMD ?
! 1920=C :
§ 194 0=C ODELATE SFHEROIDAL EIGEMYALUEL OF ARGUMENT C« OFIER MsN |
: 195 0= MITH H-M EYEM UP TO ORDER H=M+ZeMMMAX=-2 :
1 195 0=C '
! 1970= SUEBROUTINE CEEIGH Ty My MHMARS
: 1930= COMmON EIGcS0n
1990= DIMEMZION IFPCSOO sALFHRCSOY s EETR SO s F (S0D
2000= 4 COMT INUE ‘ \
201n= Me&=ZeM ‘
2020= Ca=Cel
20z0= RCC=1.0E-0%5
2040= NHE=MNHMAK+E
2050= MI=NNZ+1
3 205 0= Pc1d=1
; 207 0= IPC1y=1
i 2080= DO & IR=1sMNE
g 20%0= IV¥=2elt~1
; 2100= I=MzZ+2e 100
1 2110= IH=M2+deI00-1
2120= ALFPHAYIGD = 024 (M@ (2o IV~ 10 +3¢ IV (IV-10~10d /I Xe (Ih=d))
2120= 1M+ I%=10 @ (JV+MD
2140= ¢ EETACIDG+10 =C2-THeSTORT CIVe (IV+1D oIle (Ih=1) ~ (INeIN~4. (D)
: 2150= BETR (MHNS+12 =0,
‘ 2160= BO=REZ ALFHA (12 Y +RES CBETR (22D
] 217 0= 0 2 I0R=2eMHHE
ﬁ 2120= AO=AEZ vEETR 1200y +REZ CALPHA CIQEN Y +AET CEETRCIQO+1 )
' 2190= BETACIRON=EETA LI ¢BETA (I
ea200= IF¢RO.57.E0» EO=RO
2210= 2 COMTINUE
2azn= RO=-EO
22z20= EOI=ED
2240= 13 COMTINUE
22%50= EO=FROI
2ae 0= D0 20 106=1+NNMAX
227 0= MH=z2e l10G~2+M
2e280= A=R0
229210= B=F0
2300= IERR=~1
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I1Z=0

CO=tR+EY 2

IFYCOYS0s 2250

EFF= F~pd ~RET CCO
IERF=1EFF+1
IFCIERF—c0 4 Nad ey
WRITE igsad23 N
FOFMAT <2k "ITERATIDNS EXCEEDED FOR EIGEMWALUE " 122
S0 TO 7o
IFEFF~-RCCICdeTde 22
Pe2r=FRLFHA 1> =-C0

0 S I==NI1
Feld=sCALFHACI=-1)=CO-BETACI-1) ¢ PCI=2) /P (I-1222eP(I-1D
FPMAG=RES CF (I3
IFPMAG.GT. 1. 0E+22> D TOD 7
COMTINUE

COMTIMHUE

0 & I=2sMl

IFCPCIN 140509
IFFCI=-123%4%9:14
IPCIY==1

s0 70 10

IPCI> =1
IFCIPCIN=IPCI=-1205s 1198
IIZ=11%+1

COMTIMLUE

IFCIIZ-INGN 16015415
A=C0

60 70 2t

=0

s0 70O 21

kEO=C0

EIcCInm =-C0

COMTIMUE

FRETLIEN

MMHMR¥=1~4

HI=MMMAX+2

e0 TO 4

END

DELATE SFPHEROIDAL EIGENFUNCTION EXPAMZION COEFFICIENTE
OF ARGUMEMT C3 OFIER MsMsFF WITH M-M EVEMs UF TO ORIDER
MH=M+Z2+MHMHMAK -2 » R=2¢ IRFMAX+2 '

SUBROUTIME DCECOFH CCs Mo MMMAR s NHMAS s TREMRARXD)
COMMCH EIGCSO o DS 0500
DIMEMEIOM DF CSO0

Ce=Cei

MM=M+1

DO 1 HM=1.MHMMAY
H=M+Z2eNM-2

DP CIREMAMN+ZY =0

P CIRFRMAX+2) =1, DE~-320
DiNMe 1> =0 .
DiMMs 2y =1
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3170=
3t1z0=
2190=
2e00=
zeio=
22e0=
3a30=
3e40=
es0=
3e 0=
32v0=
220=
2290=
2300=
3310=
2320=
3330=
3340=
3350=
33260=
33v0=
3320=
33920=
3400=
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106
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118
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1
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1
1

114
1
3
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S

A= oH=MD 241

DO 107 LL=1« IRREMRA:

L=LL-1

IFILL.GE. 13 L=IRFMAS+ JI=-LL

IF=ceL

IPM=M+IF

AF= M+ IRM+Zr ¢ ‘M+-TREM+ 10 L2 CiZe IRM+ZD ¢ (2 [RM4+S)
ER=CeIFMe (IREM+1 —ZeMeM-12 o2 iZeIFM=-10 e
1 (2eIFM+Zra=IFMeIRM+1D

CR=IFe {IR=13e 2 (ZeIRPM-Z0 e le¢IRM=-12>
IFCLL=Jdr 10T 1088 105

DM L+Z20 == (RN MM L+12 + CER+EIG (MM D oD NN L4222 /HE
DIMAG=REZ cDCHMe L4300

IFCDMAG.3T. 1. 0E+20 o0 TO 2

20 TO 107

IF L+l ==AReDIFP L+30 + (ER+EIGHHI) 2 o¢TIF {L+22> /CR
IMRG=REZ CDP CL+10 3

IFCDMAR. BT 1 0E+20 G0 TO 2

COMTINMUE

DL=REZ <D MM JA+13D

DL=RLOGI O CDLY

DLF=REZ (DR CJA+10D

DLF=RLOG1I0CDLPY

OL=REZ DL

LLF=REZ ¢DLF)

nL=nL+IDLF

IFCDL.ST.20,2 GO TO S

CON=D MM J 410 ~DP S LI+1D

ACOM=RES CCOM

IFCACON.GE. 1. DE+Z2 B0 TO 2

D0 113 Jd=00s IFEMAX

THeNMy 420 =CONeDF ¢ J+2)

F=1

IF M) 192, 192199
0 110 I=1sM
F=Fe (M+1D

M=

MMx=IFRPMAX+1

g 112 I=1sMMX
IR=2el
SUM=ZUM+FeD MM I+1D
IFCI-JJ0 113+1970113
FMM=F

F=i-Fe IR+ZeM=122 IR
ALF=FHM. SN

DO 114 I=1+MMX

DEMMe ID=RLFeD TNNe 1412
COMTIMUE

COMT INUE

RETLURM

IFPFMAM=LL-1

&0 T0 4
IRRMAN=IRFMAX-1

50 TO4

MMNMAX=MNN-1
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FETUFN
END

MESRTIYE D COEFFICIENT ZUEFDUTINE

SUBFOUTINE DMEGH vC e Mo HMNMARD
COomMmaM EIGESOy s D oS0 Sid s INEG (SO0
D 4 HH=1sMMHMAX
Ce=Cer
IFm.3E.1» G0 TO &
IO S II=1+NHMAE
b DHERCIIa=DcIIs12
&0 10 2
El1=1.0
Ee=n.1
EI=EID CNM>
DD 1 IRR=1sM
IR=CeIFR~-ZoM=-2
AR= (ZeM+IR+Zr ¢ 2o+ IR+1D L2 (ZeM+Z e IR+
1eiZeM+ IR+ D )
ER=iM+IRI) ¢ M+ IR+ ~ElI-Co M+ IRI ¢ M+ IR+1D ~ZeMoM-1D
1oL oM+ IR~10 ¢ C¢M+Z¢IR+20 D
CR=CIRM e IR=11 e 2/ ( (SoM+Z IR ¢ ZoM+2¢IR=-10D
2=k
Ec=E1
1 El= EFeEZ-CReRZI ~AR
A=DiMMNs 12 ~E1
DHER (HMa =R
DIM=RES cDMEG {HM> >
IFODM. LT. L. 0E-25> GO 7O &

SO

Do K Bow |

e R Rome R v e e v e i R e s B e R W s R v R T s e X

A

ro

A DALAI DT ATARAEAEANATOINTATAEATATATA DA TR LA TN TR AT T AT

TR T T B T AAAARAARAANNLE L LbLbbLbLLL L
L= YW NX Y 0 N IR T G IR R I O IR AT Y RN I OO, I T (YT

QDODO0O

LI I T T T T [T T [ T T (T T T T T T T T T T T T T T TR T ]

[
-\J

s 271 4 CONMTINUE
j 3ven= 3 RETLURN .
3720= & HHMAX=NMN-1
2r4n= FETLIRH
3700= END’
370 _
377 OBLATE ZPHEROIDAL RADIAL FUMCTIOM Fo4d OF ARGLUMENT C3§

-
Lo

MDA R D=

OFRLER M:MF WITH H-M EVENS UF TO ORDER N=M+ZeMMMAN-E.
ALZ0 HORMALIZATION FUNCTIOMs H. :

SUBROUTINE OERAD CCo My I0 MMMAX s NHMAN s IRFEMARND
COMMON EIGCSOr aDES0.500 s INEGCSAr 2B 1 (SO yF4 (S
COMPLEX IXeRdsF4 g
IX=¢0,0s1.00 ﬂ
EEAC=1 ;
EAC=1

ERC2=

GRO=1

IFcM. ER. 02 GO TO &0
MAXM=M+1

00 192 MM=2.MAKXM

0 IM=MM-1

39230= GRO=s2eIM=-12 e Ce M) eRRDO
3940= EEAC=r2eIM-1) ¢EEAC 1
3950= EAC2=cSeIM-12e(ZeIMI oEACR - |

DO O0

£ o0 0 00 QD 0D 00 00 0D Q) Q00 Y

gwwmwwwwwwwwmf L)
DOODODOODODODD DO DD D
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03 0 G 0)
0P

4010

404 0=
05 0=
S0 0=
407 0=
4020=
4090=
41 00=
4110=
$120=
4130=
4140=
4150=
4180=
417 0=
4120=
4130=
4200=
4210=
cen=
4232 0=
4240=
4250=
425 0=
427 0=
42210=
420=
4300=
421 0=
432(¢=
4320=
4340=
425 0=
428 0=
437 0=
4220=
423 0=
44 0=
441 0=
442 0=
4432 0)=
444 0=
4450=
4460=
447 0=
4420=C
449n=C
4500=

o

l._i:'

R |

1+ EERCeeZ

ERC=IMeEPL
IF'EERC . CE. 1. OE+1T2 50 TO 4
IFERC2.GE, 1. 0E+20) 50 TO 4

LO 17 HMHH=1s MRS

M=2e (MHMH=13y+M

SUM=

SFR=EF0

ENOFM=11,

IO 12 MHE=1.IFRMAY

IR=Z2¢ ‘MR =13

ILMFP=0FeD MM MR

TUM=S UM+ SIIME

DMAG=AES (O CMMs P

IFCDMAG.LT. 1. 0E=20x 50 TO 1
EHDRMP=2eGFe iDiMHsHR I e o2  iZe IR+2eM+1)
ENOFM=EHOFRM+ENDRMF

GREMAG=ARES CERD

IF(GRMAG.GT.1.0E+200 G0 TO S
GR=CIR+ZoM+L  p IR+, Do IR+2eM+2. 0/ (IR+E,. D ¢BR
CONTINUE

F1iHMY = (=1 e (NH-11 ¢ZeeMeEACSCooMeD CMHN 13~ < (2 oM+12 ¢SLMD

Fe=ri—1ree (HH~1) e ZeM=11 ¢EACH e (M=12 v ZeEACEI 3, 1415
ELMY o2 e eMTIMNER CHMY

FRE=RET (RS>
IF'RRZ.GE.1.0E+20x =0 TO 4
EERC= iH+M+13 «EEAC S CH—M+2)
IFFEERC.GE. 1. DE+17) MHMMPAXH=MN
Fa=F1 iMH)~IMeRZ

AS=RET CEMORMD

A1=RLOG1 0 RS>

HY=REZ (RS

AS=AL0G1 0 R

RIZ=R1+R2

IFCRZ, 5T, 20.» 50 TO 2
AS=AREI (R1 (MM >

Al1=RLOG1 3 RS
RI=AEI (ALY +AEI '/
IFCAZ.GT.20.2 30 TO 3

Fd4 iHMr =1 cEHORMeR4)

CONTINUE

FETURNM

EMORMP=)

"0 7O &

50 TO 17

GR=0

>0 YO 12

MMMAX=M

IR=1

RETLIFEN

END

FPEI FUNCTION
SUEROUTINE FPSI CMs NNMAXD
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8
(T
[
Lo o ]

Do Now W0ws Koy }

Lo R e W Woweu )

J =3 =) = T T T T T Tl

NAT - RS TR AT
DD DD

&
MEIETRS
$a
=

£
00 0 70 G
N
=
[}

428 0=
4290=C
4900=0
431 0=C
| 492 0=C
i 42320=C
i 434 0=
i 495 0=
' 425 0=
437 0=
422 0=
49%0=
S000=
S010=
S020=
S030=
S5040=
S050=C

-

v

= 0

Lo

COMPLEY IXeF3.FZ1

UNnDh EIGCSD s DeSO«SO s INEGCS O o F1 (S0 s F4 (50D
SOCSOY P eSO s SETRISHY « SETROCSOD o PSI (S0

13 DRI G

MM=t1+ 1

PTIoMMa=00, 00,2

0 1 MHH=1sHMHMAK

H=M+ZeMMH-

FSI MM =PIT OMMs + 1k ee (HY ¢SO CHMHD eoZeF 4 (NMD

CONMTINLE

FRETLRN

END

ASSOCIATED LEGENRDRE FOLYOMIALZs OFsDF ARGUMEMT ETARDOS
ORLDERPMs Ny WITH MH-M EYENS DOF TO OFDER HNH=mM+2eHHMAX-2. i

SUERDUTINE POLYM CETAOs Ms HHMAXD

DIMENSION PP (3

COMPLEX F4

COMMON E16 (30555 ¢S50, 500 + INEG 503 5R1 (503 1F4 <50
NSO s PCSOD

{1 BS0RT (1-ETAOSETADD

FP(12=0

PP (&) =1

IF<M.EQ. 0> GO 7O 1

D0 2 L=1sM

PP (23 = (2eL—11 S0ePP (2D |

P 1) =PP (2 i

IO 3 NN=2s NMMAX |

N=H+2eNN-3

IO 4 L=1s2

FF (3 = ((2oN=-1> SETADSPP (23 ~ (H+M=1) #PP (1)) / (N=1D

N=i+1

PP (1) =FP (2) {

PP (2) =FP (3) .

F (NN> =PP ¢33 L

RETURN
END

OELATE =FHEROIDAL RHGULRR FUMCTIOMZs 2» OF ARGUMENTS
C AMD ETRO: CRDER MsH3 WITH N-M EYEMN: UF TO OFDER
N=M+2 eNMMRAH~-2.

SUEROUTIMNE OERNG (HHMRAX s IRRMAXD
COMFLEX F4
cammoN EIGCSN «DCSNe SO0 «INEG SN o R1 <500 o FA (S

1206500 «F (S0 s SETHOS 00 » SETAD (S0

DO 1 MHH=1s HNMRAX

SETARHNY =0

0 2 IRR=1,sIRFMAX
SETRCHMY=SETRACHMY D CMHMs IRRY oF CIRRD
CONTINUE

RETURN

END
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SNe0=
S0T 0=
n” =

Sn90=

S160=
S170=
S180=

=]
e

) T D

0 1D T T To 0N oo

LB RUELRL L BRI P T T
DSBS 00 T L iR

=

D=

N=

0=
230=
S200=
5210=
S320=
s5230=
£340=

DO S DD D

"

AN nnn
S EO KN
=X

LU T [ TR T T

9a10=
&5 0=
sE30=
554 0=
sES50=
So5e0=
BC‘, 0-
5930-
sS30=
S600=

C
[

L o X

D W M ]

—

W FUMCTION

ZLUERDUTIME FhiCpde HfMFET

COMPLEY I%sFdehleFPT]

COMPOMN EIG SOy aDrSNeSOr s INEG SO o F 1 (S0 o F4 500
1s Z0CSM P OISO «ZETRISM o ZETROCS O o PTT €502 o W <500
IxH=c0,e1,2

MM=M+1

MEMMs=c0, o 0,0

0 1 MH=1«MHHMAR

H=M+ZoHM-

b CMMY =hECMMD + T eeHeZETAD (MM 30 CHMHs ¢F 4 (HMD
FETLUEN

EMD

Y FUNCTION

SUEBFOUTIMNE FY CMe NHMRAX? ' 1

COMFLEY Fae¥Os¥ETROPIIsl

lDHnDH EIhl |”luI|' n“v."-al.l"IlHEh'_ |H'IF1I=:|T" Fa oS0
U-ﬁﬂJ.P-.n-,_ETHnJu--,ETHD-.na,F IgJuw.Mrtﬂi.fU- VO

l-rETHD'nu-

MM=M+1

YOrMMa=C0, s 0.2

YETRO MMy =Cl, « 0,3

DO 1 MH=1«MNHMAX

H=M+ZeMH-2

YO MM =YOCMMIY + =1 solieR ] MM TG THM ¢ ZETH MM «F 4 (HMD

YETARO MMy =VETAD CMMD + =1 eolef 1 MM ¢ ZETHD (MM ¢ ZETA (M) F 4 orif-

FETURM
END

S AND U FUNCTIONE

SUERDOUTINE FU oMMy MPMAS

COMFLEY I1XeFdsPZIsla D "ETHON s eFPT
COMMOMN EIG S0 DSRS0 «IMNER SO s R <500 s FS 510D
1+20CS0 s P eSO s SETRCSD « SETHO S 00 o FEI CSOX s WSS 00 o 5O CS 0D

) ) wETHDrEn%-H-.n-, 2 CS 00

I =l,|| ll

IF(NM.E&.I? =0 7O 1@

IFCMM, ED, MMMR:Y 0 TO &

FT=FZI cMM=1seFZT CMM+1D

FTT=CREZ PTH

IFPTT.ER.D. 30 TO 32

UMM =S¢l xee ipM=C"1 @ (W) iPMM=12 4L MM+ 3 PET CMM=12 +PST (MM4+1 0
MMy =ZeTHee (MM=20 @ (W CFM=12 = CMM+1D 3o CPET CMM=12 4P ST CMM+10 0
FETLUREN . .
Uil)==1 el i2> P21 (2>

Kela=0(, e 0,2

RETUREM
UiMMi=]soe iMM=Zr 2ol (MM=1) ~FZT (MM-1)
o CMMY =L CMMD

FETLEMN

MMMA<X=MM-1

e n__L..._ 7
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Do ]

R R e X e Y e T e Y e

n

[N

=
=
=
=
=
-
=
=
-—
=

LU IR A (LR o B T L R 0 U I SRPY N (VI B Rt I G I SN (U RV LR RN G B OO I g VR Y T IO I oW B SR SV

PRI TFHAAARNANNARAAAANNAANRAANANANAAANANLNCAANA AN
DD S D D D D LD g o 0 Dy o oD 0 OO 00 0 D0 0 00 00 000 0 e ) g s g =g =g =l Ag g T T T T Feade (o

ODODDODSDDD DD Do DD S DD

FETUREN
END

S FUNCTIONME

SUBROUTINE FZOMMMRE s Ze SR ZEe S0« S0
COMPLEY IT=el0eZeIRsZEs S s ZNeFdeFZlalde O YETRO e ¥
COMMOM EIGCSDa D eSOs SO0 s INEG IS0 o FL CS00 o FR0S00

1+ 20500 « P OSSO «ZETH TETROCSID o FILaS00 s W CS0 o YO (S 00

1o YETROCSOD o LIeS00 o X 0S00 o CHFHI <500 « ZMPHI £SO
IH=d0,«1.7

S=0d.s 0.2

—

=2
MR=SMM=MMMAN -1

D0 = MM=1«MA-MH
M=Mi-1

A=2

k=1

=1
IFCMM.UER. 1Y A=
IFMM.ER, 2 EB=
IFiMM. ER, 20 C=|
IN=]Hee (=MD
S=Z+ASVETRO MM «CHMPHT (MM

IFiMM.ER. 1> 20 TO €

SA=ZH+ 10 CLUVMM+1) ¢CMPHI CHMM+1)2 —EeLl (MM—1> ¢CHMFHI (HM—123
10 MMM

SE=FE+IRe L CMM+10 ¢SMPHT CMM+1 0+ MM—-13 ¢SMPHT (MM—1232
10 "MM>

SC=RCHTI0e P41 TMPHT CMM+ 1 = CMM—-10 ¢ ZMFHT (MM=120
1evD MM

SD=D+ 10  MM+1) SCMFHT CMM+ 12 +0eH CHMM=12 ¢ TMPHT (MM=12 )
150 MM

S0 70 1

SRR+ 2 SCHMPHI (2 o010

SE=ZEB+1 S ¢TMFHI (2 eDO 10

Zo=20 VveIMPHI cZrevO 1

Sh=ZD+ 2y oCMFHI 2y oD 010
CONTINUE

COMTINLUE

FRETURN

END

(XN o

n
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SCATTERINS EY A METALLIC

CIRCULRR NI
CHODIZE —= YEFIIOM 12-17-7E)

P
[

(TYFE KA=0 TO ZTOP_FPOGRAM:
i fTYPE kF=-1 FOR R DEIFIFTION OF THE FRRAMETERS)
I CNORMALIZATION:  ESCAT=ReEINC $ENORM. (Zefs ¢EHF (= lok oF) )
‘ALL ANGLEZ IN DEGFEESY

. KH =1
‘ THETA IMCIDEMT =45
FOLARIZRTION =10
THETH ZCATTEFED =45
FHI ZCRTTEERED =0

N E 000

WHICH YARIARELE IZ 7O EE IMCREMEMTEDTY1
TYPE NUMEEF OF CRIEZ: 25
MHRT 13X THE INCFEMENTTI

m

KA CROZE SECTION MORHM
ZIGMAS CPTeRe o) THETH Fhl
THETA FHI MAG FH MAG

oI
)
m

1.00 «3S1E+00 0, S SRZEHOD -22.65 0,
2.00 JANZE+ONO 1. LAS0E+OD ~110.258 0,
2.00 LCEZE+OD 0, CSIZE400 143,35 0,
4, 00 «ISZE+D0 D, « SRAEHIN 25.12 0,
S. 00 S IIAE+OD 0, L STEE+QD -3.491 0,
=. 00 LA4TFE+DD 0, LBEIEHOD ~10S.68 0.
T. 00 «143E+00 0, « ISTE4O0 143,20 0,
.00 CTRSE-01 13, «SFCE+QO 52,52 Q.
.00 LESSE-0S 0, «S1ZE~01 43,89 0.

| 10,00 «124E-01 10, SAIE4O00 —4S.35 0,
11.00 . S34E-01 0. CRZ1E4OD —35,93 0D,
12.00 CASEE-N1 1, SS1ZE4ND 1&7.T1 0,
12,00 L1 02E+OD D, «219E40N 27.42 0.
14,00 LESTE=01 0, LSS0E+DD ~-11,15 0,
15.00 «FIZE-01 0. CSIZEHNDN ~103,23 0,
15,00 LEITE-D1 1, LESZEHOD 159,30 D,
17.00 LIVOE=-0Y 0, LETRE+DD 28,09 0.

i 12. 00 «119E-01 0. A 0SE+DG c1.45 10,

‘ 12,00 SE0RE-02 0. « SHIE-D1 -127. 08 0,

, 20.00 244E-01 0, C1SEE+OD 134,85 0. -

i 21. 00 L122E+00 0, ¢ ZHAE4 00 22,27 - 0. -

¢ ee. 00 1FEE+DD O, CA1IE+QD vi.90 0,

; 23. 00 SEI1E-01 0. LES1E+0OD 10,06 0,

i 24.00 «115E+00 0, S IHNEHND 120,21 0.

ve.44

o

25.00 « 164E+00 0. «4ISE+00
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AD-ADGB0 367

UNCLASSIFIED

202
oo

AIR FORCE INST OF TECH WRIGHT-PATTERSON AFB OH SCHOO==ETC F/6 17/9

PREDICTED MICROWAVE ELECTRO=-MAGNETIC BACKSCATTERING RETURNS FOR-=ETC(U)
79 F DIBARTOLOMEO

AF!T/GE/EE/79D-11

END

Foven

ooc
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- s
) 0 v D
0D DD D
nawan

(GO ENTATAYAIA YA
Y I O IO VS )
DD OODIDD

A & L
X DS P SOV 7
P
1]

Ll R O R K
[=J ODODODDODD

Teh RN

|
Ed 62
H 20.

20

FI1aZSea T1a TS PRI

Y¥=cA

FROGFRM SCRTTER CIMPUTCLUTRLTY
COMPLEY FleRSeBleBSoHFLaFZeF LIl s lISe e Yo EZCAT )
FERL FIsTHETHsR«EsDeELECsFlsFESs31oB2sC1sCEskHy
Waelbls IEF«MMEZ A0« MMET 11 MMEZ 12
DIMEMZION ESCATM 1000 «MNGLE <1003 o ZIGMRCL OO
FERDe THETH
FI=32,141593
THETA=THETAR~2c0, e 2eFP DD
KR=0.
H=1.414214
E=-(PI-4)

0 20 I=1.2%
KA=KHR+1,

sEZeC((ZoKRI PN ee (1., /2.0)

E1=COSCcPI<d4,> = (THETA- 2.2
ES2=COZC{PI-4.2 + (THETR/2.>)

F1=REZ{E1>

F2=RES(E2>

Gi=DieF1

Ge=DeF2

CALL FREZMELVG1.C1+21)
CALL FREZ: HELchsCE,iEJ
MH=CMFPL* <0, s B '

H=CEXP (H)
F1=CHMPLE CC1e 512
F2=CHMFLX CCZ2s 522
Al1=FReHeF1
AZ2=HeHeP2
RARG=C+kERe CZIHCTHETA> >
W=(] + SIMCTHETR) 3~ d2e=ZIHCTHETH» )

=€l = SINCTHETRMY » 7 (2@ INCTHETR?
MMEZIS=C2-RRGY ¢MMEZ 11 ARG IEFY - MMEBZIQCARGS IERD
HECiRieeZr el + (RZeeZI &V SMMET L (ARG IERD

1ee2r el = CAZeSZI D SMMES IS ,
v1.2 !

J=(0,
Y=Ye.
Y1=RERL CY¥>

Ye=AIMAG YD

X1=REAL %>

HE=RAIMAG ()

EZCAT1=X1-Y1

EZCATE=xHe=-Y2

EZCRAT=CMPLE CEZCARTLSEZCATED
EZCRT=EZCATe.
ESCRT=-EZCAT

EZCATR=FEAL "EZCRT)
EZCATI=RIMRGCEZCAT?

EZCRTM Ia= ATReeZ .,y +
ZIGMACI = JEZCATMCIb e,
AMGLE=ATAM EZCATI-EZCATR)
FNGLE CId =< iRMHELEY ~(2ePIx M o380,
IFCCESCATR.LT. 0.2 JAND. CESCATIL.GT. 0. )\ ANGLE (ID=ANGLE CI> + U

CEZCATIeeC. DD o0}l . /2.0

IF((ESCHTR.LT.&.}.HND.{EECHTI.LT.O.)) ANSLE <I>=ANGLE (I> - 1]
COMTINUE

KA=0, ?
PRINT30 |
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DN DNNY

AN O AV IR OO A T ST D RS D B ) Nise QD ~J T i} o

10

U T I 1 A ]
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$a oy

.l b e b S D
QOSSOSO DD
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9 B "KA" e T "SIGMA/PTee2" s 1435 "ESCAT s /s

FORMAT (113
F2THs "MAG "+ 3y "PHRASE" s /)

D0 40 1=1:25

KR=KA + 1,

PPINTS0skRe STGMA Y s ESCATMCID s ANGLE (1D

FORMPT 0" "o 2MeFr SsSneEL Q. 3eTHIEL Q. S SKaFT7. 22
COMTINUE

STOP

END

SUEFOUTINE FREZMEL cRARsCe =D

DIMEMZION S e20000 Y 2000 « 2520003 « 2¥ (20000
INTEGER MIIM

IFCCAA. BT, 0. 01> JAND, cARLLT. 0. 012260 TO €
c0 TO 11

C=0,0

Z=0,.0

s0 70 4

H=. 01

BE=REZ (AR

NMDIM=ER-H + .1

K=HDIM+1

I0 10 I=1sK

A=JeH - H

#OIn=COZ1.S7V0S0e (Ree2, 3D
YEIN=ZIMCL.STV 020 (Ree2, DD

COMTINLUE

Iume=0,

ZUM4=0,

HH=, SeH

INTEGFARTION LOOP
0 & I=1+HDIN
CEUMI=IUmM2
SUME=TUMS
SUMS=ZUME + HHe (S I +McI+10D
SUMSG=SUMS + HHe Y CID+Y CI+10)
SH LT =321Me
2 I =M
A HDIMY =2UM2
S IHDIMY =S UMg
IFrRA.GE. D, 1260 TO &
C=d=1,.3eZXHIIM
S=i=1,0eZY CHDIM
0 70 @
C=ZH CNDIMD
Z=Z% CNDIM>
COMTINUE
FETURN
END
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1.00
12. 04
13,00
14.00
15. 00
16,00
17. 00
12.00
19, 00
20.00
£1.00
2e. 00
23.00
24.00
2%.00

SIGMA/Plees

LS4 0RE+00
. 104E+ 01
e ITOE+DD
LTORE+CN
L SATE+DN
. CESE+DD
. 245E-01
T14E-01
2eeE-101
.24NE-01
Ld33E-01
. 23 0E-01
LASNE~-01
cScE-01
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!
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ESCRT

MR

LEADE+DD
. 10ZE+01
LEDSE+ON
. BITE+QD
< SASE+ON
.514E+Dﬂ
L291E+00
« SEFE+DO
.140E+UO
. 1SSE+DD
CL2LIE+QN
. 124E+0D

LBIZESOD
. ESSE+GD
. 23ZE+OD
< 23FE+OD
CEE0E+DD
. 1S2E+OD
. 1EEE+OU
CAZ0NE+OD
< 11IFE+OQD
« 1TI1E+OD
< 141E+00
.ECRE+QD
. 1G2E+0D

PHAZE

-, 0%
52,45
2.59
105.75
-185.44
-47.00
14.66
100.6%
147.33
-120.14
-20.24
12. 08
90,71
-172.69
-85.21
1.94
24.77
168.41
-q9.14
-51.91
4?.2?
ar7.ce
-174.10
-21.91
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H
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. 470=

430=
43 0=
S0n=

S510=
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31

FROGRAM DITHES cIMFLITsOUTRUT s TRRES=INFLUT« TRPES=0UTPLIT
FRF FIELD ZCRTTEFIMNG BY A CIFCULAR METHLLIC DIZEK
DIMEMSION LREEL ¢S1 e YRR CTY

COMPLEY FaeFZI oo ¥OsYETAD e e ZeZAsZEs 2Cs 2D
12 1M s EFRRETsEFRFPEFPERTSEFEFFEZNTsEZNP

COMMOM EIGCSN s LSO SO0 s IMEGS S0 o F1ESOD o FA (S0
1o SOCSO s POSD o SETAS D o SETRO SO s PRI (S0 s WSO o YD (SO0
1o YETRO SO s LSO o S OS00 o CMPHI 500 s ZMPHT (500

IATA LAFEL ©1).-10H kR s

DRATR LAEEL S »~10H THETA 1 -~

DATA LRAFREL <2» -10H FOL s

TIATA LAEEL ¢42-10H THETAR £ -

DATA LAEEL <Shr~-10H FHI = s

IN=d0, 1.2

WRITE«<&s112

FOPMAT C1Xe s e 1 "SCATTERIMG EBY A METALLIC CIRCULAR DIZH
1795y * ¢HODSE =--= YEFRZION 12-17-730 ")

WRITE &« 262

FORMAT C1¥s s 9 1 "CTYPE KR=0 TO ZTOP FROGRAMY "9 .7
113+ " ¢TYFE KR=-1 FDF A DEZRIFTIOM OF THE".
1" PRFAMETERSY "o« 1¥s " (HOFMALIZATIONM: EZCAT=ReEINMCeENDFT
1"/ i ZeRISEXP i~ JokEeRI D "a e 1M “ (ALL AMGLEZ IM DEGFEEZ» ™)
MOC=1

IMDEX=1

WRITE (5272 .
FORMAT 1Rk #r7a1¥e ™1, KA 14K "= “D

FERD <Sse> YRR (12

IFCYAR (LD LVER. =160 TO 41

IFEWYARRCAID JLE. Q260 TO 5

WRITE C&s2&2

FORMATC1Xs "2, THETA INCIDEMT = "2
FERD vSee3 YWAR S

WREITE (s 290

FORMAT (1« "%, POLAFRIZATION = ")
FERD CSs o3 WHRE S

WEITE (&« 200

FOFRMAT C1:s "4, THETR ZCATTERED = ")
FEAD (S e AR (42

WRITE (&s310

FORMAT C1Xs "S. FHI SCRATTERED = "3

FERL (Se e YRR (5S>

WRITE (&« 20

FDEMRAT (1Ms < s 18 "WHICH YARIRKRELE IZ TO EE INMCEEMENTEDT"»
FRERD (S o2 NVYHAR

IFCOHYARLLE. 0 . OFR. ¢CNYRR.GT.Sx250 TO 23

WRITEE«212

FOFMAT ¢1Xs "TYFE NUMEER OF CRIEZ:®"™)

FEADSsex HOC

WRITE (6s 220

FORMAT <1y “WHAT IS THE INCREMEMT?™)

FERD (Se®> YVIMCEE

CONTINMLUE .

WRITE i5s &4y LAEEL CHYRR)

FORPMAT C1Xs #2 s Al D 4 "CROZS SECTIOM" 222 "E NORM" s/
113X "SIGMA/ P IoReeZ) "o 11 e "THETRA " « 1SHs “PHI s 79 1 2K
1"THETR" s 7Hes "FHI" s S¥s "MAG" s S¥s "FHAZE" s &Xs "MAR" s TX»
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DO OO0 D00 DD D DD
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1030=
1040=

1050="

1060=
1070=

[
poe ]
0
QC"ﬁQ'ﬁOQ'ﬁOQ'S'" 'l?

[ N R T W e Y
QYR AL QDM DD
L1 LI O T T TR T}

€
5

~

10

13

0

1"FPHRAIE" 2 )

C=vAR (LD

MHPMAX=4%5

MMHMAR=45

IRFMRE=45
THEO=%RF v e2,14159-120
ETRDO=C0% «THED>

THE=VAR 41 &2, 14152120
ETR=COZ CTHE>

FHI="AF (SheZ, 14159120
ALF=YAR (3r 3, 14159120
CALF=C0% (ALFY

ZALF=3INCALFM

DO 10 MM=1sMMMARX

M=MM-1

Ia=0

CHLL ZMMO M HHMAXD

CALL DEEIGH iCs M HMMAX)

CHRLL DEBECOFM CC«Me MMMAK« NMNMAX s TRFMAX)
CALL DINEGM <Co Fis HMHMAD

CALL DOERRDCCsMs I0s MMMAX « MHMAX s IRERMAXMY -
IFCIEQ,. 1230 7O 10

CALL FPET My MMMAX

CALL POLYMCETADO«Me IRRMAXD
CALL DOEAMG CHMNMAX s IRRMAK

0 7 I=1sHMMAX
SETROCIN=ZETR I

CAHLL FlCMe MHMAND

CALL POLYHCETHsMs IFRMAN
CRLL OERMG CHMPMAM s IRREMSY
CALL FY CMa HMMRRKD

CONT IHUE

DO 12 Mi=1sMrMEx

CHLL FXEU MMy MMM
IFCMMMAX . LT.MMx0 7O 13
CALL CEPHI cMMsPHI

COMTINUE

CHLL FZIMMMAXs 2R SBe 2Cs 20
EPART=ETH® i=2el¢CMPHI (22 +282
EPARP=-C¢Z¢ZMPHI (22 +ZF
EFERT=ETRe (ZeZ+ZMFHI (2> ~ZC)
EFERF=-CeZeCMFHI (23 +ZD
IF{ETRO.ER,. 0.2%50 7O &2
EZNT=C¢l e (CRLFEFRRT-ETRO+ZALFSEPERT) - C
EZMF=2e I xe (CRALFeEFRRP-ETHO+ZRLFeEFERP) ~C
50 TO &
EZNT=2eleZALF+EPERT-C
EZMF=2e e sRLFeEFERF-C
EMAST=CARAES cEZHTY

EMRAGP=CRES (EZNP)
SIGTHE=EMAGTEMART
ZIGPHI=EMRGFeEMRBP

E1=RERL C<EZHT>
ES=RIMAGCESHTY -

IFCEL.EQ. 0.260 TO 16
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1210= RFRi3=EC~E1L
1ee20= EFPHRT=120-3, {31S9eRTRN (ARG
1230= IFCCEL LT .0 . FND, CES.GT. 0,3 D EPHRT=EFHRT+120
; i 1240= IFC/EL LT 0.0 JRMHD, ES.LT. 0.2 PEPHRAT=EFPHRAT-120
1250= s0 1O 7
{ 1280= 18 EPHRT=90
- 127 0= IFiE2.LT. 0. 2EFHAT=-210
1230= 17 E1=RERAL cESHNF>
1 1290= ES=RIMAG CESHPY
3 1200= IFCEL.ER. 0.250 TO 1&
1210= ArRG=EZ-E1
1320= EFHAF=120-3, 131 59%e/TAN (ARG)
1320= IFCYEL.LT. 0.2 AND, CE2.GT. 0. 2 YEFHRF=EFHAP+180
, 1240= IFCCEL LT. 0.2 AND, E2.LT. 0.3 *EPHAP=EFHAP-120
! 13%0= 50 TO 19
] 1280= 18 EFHAR=90
1370= IF{EZ.LT. 0. 2EPHAF=-20
i 1220= 19 IF cHYAR . EQ. D3 NYAR=1
§ 13%0= IFOMAR LY GT. 15 30 7O 1000
| 1400= G0 7O 2000 '
i 1410= 1000 CRLL SCATTERCVAREMAGTSEFHRAT» SIGTHE?
1420= 2000 COMTINLUE
, 1420= WRITE t& s 250 YRR IMYARY s SIGTHE s ZIGPHI«EMRGT « EFHAT
' 1440= 1EMAIGF s EFHAF
1450= 25 FORMAT 1% e FT. 2o 2C1HsEL1 0. 30 s S C1HsEL1G. 20 1XsF7.ED)
) 14€0= 27 IFCINDEX.EQ.HOCXG0 7O 4
: 147 0= IHDE=IMLDEX+1
3 1420= YAR CHYRRES =VAR CHYARRD +VYINCRE
; 143g= =0 TO &
1500= 5 CALL EXIT
1510= 41 WRITE C&e 400
1520= 40 FORMAT (1~ 1Xe "THE DIZE OF RADIWUEZ A LIESZ IN THE ¥-¥ FLANE
u,/’
1530= 11¥s "CENTERED ®T THE DOFIGIN. THE CDHWEHWTIOMAL (Fs THETARs “s.
21X .
1540= 1"PHI> COORDINATE SYETEM IZ UZED IM THE FARR FIELD. “es/9 1
1550= 1"THE FLAME OF INMCIDENCE DOF THE FLAME WAYE IZ THE"s-e1Me
1560= 1"¥=2 (FHI=D» PLANME. THE FOLARIZATION AMSLE <POLI "s.- 91X
4 1570= 1"0F EINC 1% MERZURED FFROM THE FLAME OF INCILEMCE “ess1¥e
: 1520= 1"IH THE PHI-DIRECTIONM. I.E.s FOL=0 IZ THE FRFEALLEL" s+ 21X
} 1530= 1" ¢THETA» CARIE AMD POL=30 IZ THE FEFRFEMHIDICLLAR CFHI> "sse 1y
; 1600= 1"CRZE. "+« "THE REZLULT IZ A Z0LUTION OF THE RIGOROLZ"s~ 4
; 1610= 114 "EIGEMFUNCTION ZCRATTERIMG PROELEM, ">
,g 1620= G0 TO 4
| 1830= 42 COMNTIMLUE
‘ 1640= S0 TO 4
] - "1650= EMD
| 166 0=C .
! 1670=C OBLATE SFHEROIDPAL AMGULAR FUMCTIOMs S:0F ARGUMENT 0Ff
1e20=C OFRDEFMsM: WITH M-M EYEMSUF TO OFRDEF NH=M+ZeMNMAX-2,
1690=C CEQLUAL TO PMM OO
1700=C
171 0= ZUEBROQUTIMNE ZMMHO-CMs MMM
: 1720= COMPLEX F4
[ 17z0= COMMOM EIGCSOM sDCSOsS0X sDNEGCSO s R (50D «F4 (S
1740= 1530500
1750= S0<¢iy=1
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IFfN.EE.O.hGU TO

D & MM=1leM

01y = oSeMM- 1\0~Df1‘

TI0 3 MHH=1 e MNHMAK

M= CMNMH=—11 +M

'Grnn+1---ru+n+1 o0 CHND # CN=M+2)
FETURN

END

TIN AND COSIME FUNCTIOME OF FHI

SUBROUTINE CSPHI tMMaPHID
COMPLEX FasPEIable D YETAOs s X
FDNMDH EISCSOr s DrS0a S0 s DHEG CS02 o R1(S0D 2 F4 (SO0
TOCS0N PSSO s SETRESO s SETAD (S0 s FEI (S0 « WCS03 5D (30D
l--ETHDt S0 s L CS 0 e 5 eSS0 s CMPHI CS02 « ZMFHI €502
M=p-1
CHPHI ¢MM) =COZ (MePHID
ZMPHI cMMY =S IH (MePHID
RETURN
END

OELATE SPFHERDIDAL EIGENYALUES OF ARGUMENT Cs OFDER MsH
WITH H=-M EYEN UF TO ORDER H=M+ZeMNHMAX-Z

SUEFOUTINE OEEIGH 0T s My NMMRD

coMmoH EIGCSO

DIMENSION IPCSO) s ALFHACSOD s BETR S0 P (S

COMTINUE

MS=Z+M

CE=Cel

ACC=1, DE-0D

HMHE=NMMAZX+E

MHI=HHZ+1

Pilr=1l

IP(1y=1

0 & I10=1sHHE

IW=2eli0~1

Ih=MZ+Ze 100

14=MS+deI00—-1

ALFPHR (D0 = (CEe iMES iZeIV=1) +2¢ IVe (V=10 =1)) A (X (I K=4))
1= M+IY=10 e JIW+MS
EETH(I@Q+1}=CEJIH03@ET(IVO(IV+1}01m0fIM-1)f(IEOIX-4.0))
EETR (HHE+10 =11,

EO=REZ cALFHA (12 2 +RES CBETR (220

Do = INR=SsMMNZ

HO=FRES cRETR IR 2 +RES (ALFHA CIOE Y +AES CEETACINR+1) D
BETACIOC =RETA I «BETA CIGED

IF <A0.57.E0> EBEDO=RO

COMTINMUE

#O0=-E0

EOQI=EO

COMT INUE

EO=E01I
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[0 = 2y G0~ o0 B i M e
Do b R B W e 3 e e e S B e M W e X e §

IOREOR O OR R (O XX (YR O (341 ] (X)
B oL Lo B D 00 0 00 0 Y )00

)

2930=

3 254 0=

N
)
nu

nincndn

=AY RN N

DD
"

[ E Yy )
Lol ]

OB R RN (YR OGN GER (VR (UNGUN (TR RY R 1Y O]
D0 30 050 0 O30 010 0T 90 X0 218 B

D00 T D0

\,
D
DODOIOODSDO oD

n
~J
(SN
=]

-

’ 27320=
! 2740=C

n
\l
n
o]

27S50=C
e2ven=C
ev7o=C
2720=C
273 0)=
e80n=
\ 221 0=
28e0=
ee3n=
2284 0=
2850=

40

an

foy [y
[ 43

DO b
[

N 9

M=o IRN-2+M
A=R0D
E=ED
IEFF==-1
I1I3=n
CO= v R+Er »2
IFICOrS0e e S0
EFF= E-F» ~REZ CCO>
IERRE=IERF+1
IFYIERF=SN0 3041+ 41
WMRITE B« 422 N
FORMAT (22X« "ITERATIONE EXCEEDED FOF EIGEMYALLE
0 7O 700
IFCERP-RACCY 242322
Fe2r=RALFHA <13 -CO
DO S I=3+MI1 ;
FLIa=dRALFHACI =12 ~CO~-FETRACI-12 P CI-23 P C(I=1>D0eFR (I-~1)
FMRAG=AET (P (12>
IFCPMRG.GT. 1. DE+ZSD
CONT INUE
CONT IMUE
ID & I=2sNHI
IFPCINI1d8. G
IFPiI=-1222+9.14
IP{Ixr==1
=0 TO 10
IPCI>=1
IFCIPCIN=IPCI=130Es11906 !
I13=115+1 i~
!
H

“e I3

0 70 7

CONTINUE
IFCIIZ-TIONN 1641515
A=0C0
50 TO
E=C0
>0 TO
EO=CO .
EIGCIGE ==CO
COMTINUE
PETLURN
MHMA®=1-4
MNHI=NMMAX+Z
50 TD 4

END

OBLATE TFHEFOIDAL EIGEMFUMCTION EXPANSION CDEFFICIENTS
OF RARGUMEMT C3 ORLEF M.MsFRS WITH M-M EVYENe UF TO ORDER
H=M+Z oHHMR -2 P=2 ¢ IRFMAX+Z

SUBRROUTINE OECOFM <CsMs MMMAX s HHMAX s IRFEMAXD
COMMOM EIGCS0x «DCT0s S0 '
DIMENZION DP SO

ce=CeC

MM=M+1

DO 1 MN=1sNNMAX
N=M+2eNN-C

1
1

[0

o

a3




S2en=s 4 DF CIRPMRE+Z =0
287 0= DPCIRRMAN+E =1, DE-20
cSes0= DiNMe 1D =0
SRan= DeMNeSy =1
2AG0= dI=iH=My ~2+1
2at0= DO 107 LL=1+ IFFMAL
Saz0= L=LL-1
2a30= IFCLL.GE. 1) L=IFEMARx+II~-LL
2940= IR=CeL
SRS 0= IRM=M+1IF
29 n= AR= M+ IRM+Er ¢ M+ IRM+ 10 oL2/ (2o IRM+Z ¢ (2 IRM+S))
297 0= EF= o CeIFRMe (IFM+1 1 ~ZoMeli=1r @2 ( (Ce]IFM-1)e
cos 0= 1 (CeIRM+I v =IFMe (IRM+1D
£990= CR=IFe(IFR=1) e[S~ 2o IFEMN=-C0 e (2e¢IRM=12>
3000= IFCLL=J2 105 105 105
2010= 105 DEMMaL+30 == CReDHMs L+12+ (ER+EIG CHNI Y ¢TI MM L+22 ) /AR
Z0z0= DMAG=RES D CHMHsL+30 2
2030= IFCDMAG.2T. 1. DE+Z0> SO TO 2
2N40= e0 7O 107
2050= 108 DRFiL+1)=—CRReIFPiL+30+ ER+EIGIHN>xeDIP L+22 > /CF
3060= IMAG=RES ¢IIF CL+132 .
307 0= IFCDMAG. 5T 1. 0E+30 B0 TO 2
3020= 107 CONTINUE
2030= DL=AEZ D MM JA+12D
3100= DL=RLOG1OCILY
Z110= DLFP=REZ(OP CJli+122
3120= DLFP=RLOG1OCDLPD
3130= DL=REZ<DL>
3140= DLF=REZ <DLP>
23150= DL=DL+DLF
3160= IF<DL.GT.20.> 60 TO S
270= COM=T MM LI+13 <DP V141D
3120= ACOM=RES cCOMY
=190= IFCACOM.GE. 1. 0E+22» G0 TO 2
3200= D0 112 J=J1s IFEMAX
2210= 112 DeMMy I+ =C0ONeDP ¢ J+2)
Ie20= F=1 : .
2230= IF MY 1924192, 199
B240= 199 DO 110 I=1«M
2WES0= 110 F=Fe{M+]I2
Fee0= 192 IUM=0
3270= MME=E=IRREMRS+1
2280= 0 113 I=1«MMX
3e90= IR=2e]
3200= SUM=ZUM+F oD MMy I +1D
3210= IFCI=JJr 1132e197+113
3220= 197 FHM=F
2330= 113 F=i-FeiIR+2eM=1D> IR
3240= ALF=FMM.~SLIM
3250= DO 114 I=1+MMX
3360= DOiMMe ID=RALF el CMMs I+12
3370= 114 CONMTINLE
3380= 1 CONTIMUE
3390= FRETURN
3400= 3 IRRMAx=LL-1
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¥ 1 4% 230 OO0 130 00 OB S9 09 O 2
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(0}
R
)+
D

3??n_
Iv40=
3750=
2va0=
3rFi=
37=20=
3v90=
2B00=C

'9':' 1 n_|
352 0=C
3830=C
224 0=C

D00
R X

DO

WW Wi

W
€00
LR (1)
[ree R ]
(]

3,40=
3

D
an
L=

[}

-

v

DAY N

50 70 4
IFFMRE=IFFMRY -1
50 TO4

MMM =MNN=1
FETUFN

EMD

MEGARTIYE D COEFFICIENT SUEROUTINE

SUERDUTIHE DHEGH CCs M HHMARD

COMMON EISCSHr sDS0eS00 o INER (30D

DD 4 HH=1s HHMAX

CE=Cel

IFM.GE. 1> &0 TO 2

D0 S Il=1sHHMAX

DHEGCIIx=DcIIs12

0 TO 2

BE1=1.0

Re2=0.0

EI=EIG {MHM>

0 1 IFRR=1s

IR=2eIRR-CeM-C

AR= oM+ IR+ ¢ 2eM+IF+1 QIL/(f;0N+;OIP+QJ

leiZeM+ZeIR+S0 0

ER=iM+IF) ¢ M+ IR+10~EI—- (2@ fM+IFD 0¢M+IF+1W—c0M0H—’-

1oL/ iZeM+CeIFR~1D ¢ (ZeM+Z¢FE+20D

CR=C(IR*IR~12 L2/ [ iZeM+@IR-ZD o (CoM+Ze¢IR~102
3=k2 3
B2=E1

E1=EReEZ-CR*EZ) /AR

A=D MM 13 ~E1

DHER CHMH» =/

DDM=RED CDINEG (MM >

IFCDOM,. LT.1. 0E-252 50 7O %
COMTINUE

FETURNM

MMHMAE=NN-1

FETUEN

END

OELATE ZPHEROIDAL RADIAL FUMCTIOM RFodd OF ARGLUMENT C*
ORDER MeM: WITH H-mM EYEMS UF TO OFRLEF H=M+SeMMPR:E-Z,
ALZO MORMALIZATION FUMCTIOMs H.

ESUEROUTIME OERAD CCeMe TG MMMAE s HHMBE s TRREMARN?

COMMON EIGES0r DS n..n-.nnEha.u\-Rlagﬂ},quSﬂh ]
COMFPLEX IXsRd+F4
I#=00.0e1.00

EERC=1

ERC=1

ERACE=1

GRO=1

IFM.ER. 0> GO TO 20
MAXM=M+1

DO 19 MM=EsMAXM
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XA L)

.

LD LD
£ =413

; 30NN=
401 0=
; 402 0=
N 40z0=

‘ 403 )=
4050=
P 4 0c 0=

i 407 0=

!

L 405 0=
L 4020=
P 4100=
! 4110=
l 4120=
P $130=
b d140=
! 4150=
3 41610=
; $170=
j 4120=
\ $120=
4 00=
421 0=
d4ze0=
4220=
4&30=
425 0=
426 0=
427 0=
422 0=
: 42%0=
! 420 )=
3 431 0=
4z220=
4320=
43240=

-

L ()

LbH bbb
AN ENENE]

$o
fidq
=

KU R Wl |

Lo e e e e e}

na

[y
o

17

4410= 1

IM=MM-1
SFO=/ZelM=11eiZeIMreGRD

FERC= igeIM—11 eEERT

ERCS= (e IM-1seiZeIMreERLCE
ERC=1MeERC
IFEERC.GE. 1. 0E+17> 50 TO 4
IFERCE.GE.L DE+ZNY B0 TO 4
DO 17 MHH=1 s HHMAX

MH=2e (=113 +M

ZlM=0

GR=GFD

EHOFRM=0.

I0 12 MR=1sIRFMAY

IR=2e THR=~1)

SUMP=GR e CHMY HED
SLM=SUM+ S 0MP
IMAG=REZ (D iMMs HE2 2
IFSDMAG.LT. 1. 0E~-Z0 GO TO
EHOFRMF=CeSFRe D MM HP) 2 oo 2@k +EoM+1)
EHORM=EHOFRM+ENDRMP
BFREMAG=REI (GR
IFCERMAG.GT. 1. DE+Z202 50 TO S -
GRE=CIR+ZeM+1, 0 IR+l 2@ CIR+ZOM+2 . 0 A CIR+2 . D oF
CONT INUE

EliHNr=i~1200 HH-1) eZoeMeER s oeMeD (MM 127 (ZeM+1 ZLIMD
Fe=i—11eeilH-11 e (ZeM-11 eERACeCoe (M—11 ~ (COERACE &2, 14155
1o EEAC+ 2 -ZUM) o2 oM TINEG (MM
FRS=REZ (RS2
IF/RRE.GE.1.DE+Z0> 30 TO 4
EERC= iMH+M+12 «EERC A CH~M+2)
IF(EERC.GE. 1. DE+17s HHMAX=MH
Fd4=F1 iHH) =-I=eRE

AS=REZ (ENORM)

R1=ALO51 0 RS

Al=REZ (RED

HE=ALO51 0 R4

AZ=R1+PA2

IFCRZ.GT.20,2 60 TO 2
AS=AEZ (Rl (HMY D

A1=ALOG1 D CASH
AZ=REZ A1» +AEZ (A2
IFCRZ.BT.20.0 0 7O 3

F4 MM =1 EHORMOR S

COMTIMLUE

FETLIFM

EHORMF=0

G0 TO 2

FACMNMHI» =20, 9 0.2

~0 TO 17

GR=0

GO 70 12

MMMA =

1=1

FETUREN

END
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) |

451 N=C
452 0=
4S5 0=C
4=4n_
35S0=
4S5 0=
457 0=
458 0=
455 =

o 0=
4210=
4 0=
4EZ 0=
andu= 1
4ES0=
GEE =

$570=C
$E20=C
459 0=
470 0=C
4710=

4720=
47 a0=
474 0=

475 0=
47En=
477 0=

4720=
4730=
4200=
4 lﬂ—

[l 1]

457 0=
422 0=
4230=
4300=
491 0=
492 0=
4920=C
494 Q=1
425 0=C
425 0=C
497 0=C
44r”_
4990=
s000=
S010=
S0g0=
S0z0=
S04 0=
5050= 2

[T -8

FSI FUNCTION

ZUEBFOUTINE FPZTI Mo MHHMAND

COMFLE: IH«Fa«.PZI

IDNHCH EIh-JN--D- e S0 s IMEG VS0 s F1IS03 o FA(T0D
ZOS0 e FPES0 s ZETACSO s ZETROCS 00 « PET CS00

Iﬁ=tﬂ.-1.)

M=+ 1

PEIMMy=C0, s 0,2

D0 1 HMH=1sHHMAX

M=+ oMM~

PEZI MMM =PI (MM 31 xee (M1 ¢Z0 CHHY o2 oF 4 (HN)

COMTINLE

FETLIFM

END

AZZOCIATED LEGENDRE POLYOMIALEs OFDF REGUMEMT ETACS
OFRDERFPMsH: WITH H-M EVYEMS OF TO ORLER HMH=M+ZeHHMAZ-Z,

SUBROUTIME FOLYMCETHDOs Mo Hnn

DIHEH'IDH S SACH

COMFLE: F4

COMMOM EIG S0 sIeS0e S0 e DHEG SO 2 RL SO0 s F4 500

1+2Z0CSID P LSO

IR=Z0RT (1-ETAROSETAD:

FPcly=0

FP2r=1

IFcM,ER. O 30 TO 1

0z L=1sM

FF"'—‘;’L 1 0¢ﬂ¢FP L)
FPo1ar=PP 2D

IO 2 MHH=Zs HMHMAX

H=M+2 oMM~

I0 4 L=1:2
FP (33 =( (2eN=1) $ETAOSFP (2) = (H+M=12 ¢PF €13~ (N=M)
M=t+1

PP li‘FPfc-
FPC2r=FP (22
P ¢HHY =FP (3
RETLFRH

EMD

OBLRTE ZFHEROIDAL RHGULRR FUNCTIONZ. 2y OF RFGUMENTS
C AMD ETROS CRDER MeMI WITH H-M EYEMY LF TO CRDEFR

MM+ eMMMFAY -2,

SUERCUTINE OQERMNG CHMMAS« IRFMAMD

COMFLEY Fd :

COMMOM EISCS0r e DSOS «OMEG S0 s RIS s FR SO
1+ 20500 s PYSO s ZETACS I « SETRO SO

DO 1 MMN=1sMMMAR

SETR MMy =1

DO & IRF=1+«IFFMAX

ZETACHM) =SETACHMY +D NNy IRR P CIRPY
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S5 0=
SOF 0=
Sosoa=
SNan=C
S100=C
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D DD DT D D D D
L Do
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o o 00 0 0o 03 €0 003 0 o Fole Fod Fo¥ Foe P Fod P £ oy

Licieet 1 DR IR ASODUN (3 I O TRY OO Y W O I O TN (VISP Y

SEoDODoDD D

AN ANANANARAANN

Ao
H faind
[N o ] '.D
QOO
ninn

non
L
o
=
OFJ

.14'? fl C
S440=
5450=
S450=
S47 0=
S420=
S420=
sSS00=
So10=
sS20=
ee20=
S540=
5550=
SSA0=
SS70=
S520=
S590=
Se00=

T SvPIP P ra)

1o30SID P ESO s ZETAMS O s ZETRAO SO s PET S0 s WSO

lsuETHDtam
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Appendix C

Program Listing for the Fast Fourier Transform (FFT)

The following is a program listing of the Fast Fourier
Transform which performs the Direct and Inverse Discrete Fourier
Transforms (Ref 13:331).

In the FFT subroutine argument list, X represents the complex
array to be transformed, M represents the power of the two of which is
the length of the FFT, and XI indicates whether a direct FFT or
inverse FFT is to be performed. If XI is a plus one, the direct FFT
is performed. If XI is minus one, the inverse FFT is performed.

An example of calling the FFT subroutine from a main routine
is:

CALL FFT (D0G,10,1.)

In this Call statement, "DOG" is the complex array to be transformed,
"10" is the power of two of which is the length of the FFT and "1."
indicates that a Direct FFT will be performed.

A few precautions in using the FFT subroutine shown should be

stated. Using the above example, the precautions are:

(1) DOG must be a complex array with 2]0 complex locations.

(2) The length of the FFT of DOG will have 2'°

complex loca-

tions.




(3) The second parameter in the argument list, namely “10“

must be a positive integer and must not have a decimal

point.

(4) The third and last parameter in the list, namely "1." must

T 30 | A i . s A9 g ot i I S i 0 s

have a decimal point.

(5) Thé length of the FFT must be confined to half the maximum
number of real array locations that are possible with the

computing machine used.
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TUBROUTINE FFT O eMe KID
COMFLEX Holielslis T
H=geeM

HvE=N-2

NMl=N=~1

Jd=1

0 7 I=1sNM1
IFCI.GE.J» GO TO S
T== >

Hi=xI>

®wily=T

kK=MHv2

IFcK.3E. 0 &0 7O 7
Jd=J=K

K=k-2

G0 TO &

d=A+K

PI=3.141592e5252979
oD 20 L=1sM

LE=Seel

LE1=LE- 2

=010 0,00 .
W=CENFYCMPLE (0, s —HIePIALELD)
0D 20 J=1,LE1

0 10 I=JsMsLE

IP=I+LE1

T=X(IFP> e}

KCIPY =¥ (I -T

HCIa=n (I +T

U=ltel

IFCXTI.GT. 0. RETURN

DO 20 I=1+N

HLId=¥ I N

FETLIEN

END
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Appendix D

Brief Review of the Selection of the FFT Parameters

The realization of the Discrete Fourier Transform on the

modern digital computer in the form of the Fast Fourier Transform is a
valuable tool in the field of linear systems. However, if the FFT
| parameters are not carefully picked according to certain rules, the

results of performing an FFT on a sequence will provide erroneous

results. So, it is wise to explore the relationships between FFT

! parameters in the time and frequency domains (Ref 15:282-284).
3 First of all, the parameters of interest are:

T & increment between time samples (seconds).

! fs 8 sampling rate (hertz) = 1/T
| F & increment between frequency samples (hertz) = frequency
resolution
tp 4 record length (seconds) = effective period of time sig-

nal = 1/F

j fo 4 folding frequency = fS/Z (hertz)

! L1 é highest possible frequency in spectrum (hertz)
N 8 number of samples in record

In order to avoid aliasing,

; f > th (D-1)
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This implies that,

T <o (0-2)
For a desired frequency resolution
t =¥ (0-3)
p F
If fh and F are both specified, N must satisfy
2fy,
N>+ (D-4)

The following is an exanple of using the FFT to obtain the
DFT of the 10GHz pulse used in Chapter III and Chapter IV.

The pulse consists of five cycles of 10GHz R-f centered at
the origin. The pulse is shown in Figure 11. Because of the periodic
assumption of the time signal that the DFT makes, the negative half
of the pulse is seen to be shifted up in time ending at tp.

The first step is to estimate what the highest frequency com-
ponent'of the incident pulse is. From experiment it is obvious that
the Fourier Transform of the pulse of R-F is a shifted sinc(x)
frequency spectrum which never dies out as frequency increases.
However, some criteria can be set where by if one of the minor lobes
of the sinc(x) waveform goes below a certain percentage of the main

lobe peak value, the frequency associated with that minor lobe would

be considered the highest possible frequency in the spectrum of the
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pulse. The continuous Fourier Transform of the 10GHz R-f pulse

is

10 sin [15.7 x 1070(£-10!0)] (0-5)

S =5x10
(f) [15.7 x 10719(£-1010)]

At 13GHz up from the center frequency of 10GHz, or 23GHz, the
magnitude of the sinc(x) function drops to 5 percent of its maxi-
mum value. This 23GHz will thus be taken as the highest possible

frequency in.the spectrum. The following relationships hoild.

f, = 23 x 10%Hz (D-6)

£, 22f, = 46x10°Hz (D-7)

T < = 0.0217 nsec
S

If fs is set at 100GHz

_1 . i
T = T = 0.01 nsec (D-9) j f

There will be ten samples per cycle of the incident puise and
thus 50 samples per full incident pulse. As was noted in

Appendix C, to use the FFT subroutine shown there, the Tength
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of the FFT must be a power of 2. If N is picked at 1024:

t =1024 x T {
p
= 10.24 nsec ) (D-10)
1 _ 6
F = T - 97.656 x 10 Hz (D-11)
p

Therefore the highest possible frequency in the spectrum of the pulse
will occur at

fh
Sample # = —F = 236 (D-12)

Therefore, the frequency response of the scattering from the object
the incident pulse is impinging on, can be cut off at sample 250
‘ to sample 1024-250=774 without great loss in accuracy. Thus, when
the DFT of the pulse and the sampled frequency response are multiplied
and inverse transformed, the reflected pulse will be obtained.
Because of the way the points were picked, the process of multiplica-
tion of transforms and inverse transforming will perform linear con-
volution and not cyclical convolution. For more information on cylical

convolution refer to the literature (Ref 15:p.284-295).
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